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Summary
All multicellular organisms constantly need to replace aged or damaged cells.
This vital task of tissue homeostasis is fulfilled by stem cells. The balance
between self-renewal and differentiation of the stem cell is crucial for this task
and tightly regulated by a signaling microenvironment termed the niche. A
widely used model for studying stem cell niche biology is the Drosophila
testis, where two stem cell populations, the germline stem cells (GSCs) and
the somatic cyst stem cells (CySCs), reside in a niche located at the apical
tip.
A lot is known about the signals regulating GSC maintenance in the tes-
ticular niche. It is, however, unknown how the spatial regulation of these
signals defines the range of the niche. Here I show, that Bone Morphogenetic
Protein (BMP) signaling is specifically activated at the interface of niche and
stem cells. This local activation is achieved by coupling the transport of ad-
hesion and signaling molecules in the niche cells and directing their transport
to contact sites of niche and stem cells. Localized niche signaling at junctions
underlies the so called stem-cell-niche synapse hypothesis proposed for the
mammalian hematopoietic stem cell niche. I have shown that disrupting the
localized transport causes premature differentiation and stem cell loss. BMP
signaling between niche and GSCs therefore provides the first description of
a stem-cell-niche synapse and will yield valuable insights into mammalian
stem cell biology.
The CySCs reside in the niche of the testis together with the GSCs. To
understand how the niche maintains both stem cell types in a concerted way,
it is essential to know the pathways regulating both stem cell types. Here I
show that Hedgehog (Hh) signaling is a key stem cell factor of CySCs, while
only indirectly affecting GSCs. Loss of Hh signaling in CySCs results in
premature differentiation and consequent loss of the cells. Overactivation of
the pathway leads to an increased proliferation and an expansion of the cyst
stem cell compartment. As Hh signaling is also a regulator of the somatic
cells in the mammalian testis and the Drosophila ovary this may reflect a
higher degree of homology between these systems than previously expected.
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Chapter 1
Introduction
1.1 Stem cells
The vital functions of an organism are exerted by an interplay of its cells. In
unicellular organisms by definition one cell has to fulfill all vital functions.
In most multicellular organisms, like humans or fruit flies, cells are orga-
nized into germ layers forming different tissues. This offers the advantage
of specializing cells for certain tasks. Multicellular organisms can thereby
reach higher complexities and more efficiently adapt to their environment.
As a consequence of the specialization the cells are no longer able to renew
themselves. This makes it necessary to set aside a pool of stem cells, that
serve as a reserve to replace or replenish these specialized cells. The 3 main
characteristics of these stem cells are their ability to divide, renew themselves
and differentiate into multiple cell types. Depending on their potential, they
can be categorized into pluripotent or multipotent stem cells.
Native pluripotent stem cells form the inner cell mass of the embryo and
are therefore termed embryonic stem cells ([Gardner, 1968], Fig. 1A). They
have the ability to give rise to all three germ layers of the embryo (endoderm,
ectoderm, mesoderm). It is possible to isolate them from the embryo and
grow them in cell culture without loosing their stem cell properties [Evans and
Kaufman, 1981]. Although these cells show the properties of stem cells, they
are just present during development and not maintained in the adult. The
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Figure 1: Stem cell types. (A) At Blastocyst stage the inner cell mass is
made up by the pluripotent embryonic stem cells that will give rise to all three
germ layers. (B) In the bone marrow self-renewing hematopoietic stem cells
(HSCs) give rise to multipotent progenitors (MPPs). The MPPs give rise
to more restricted progenitors that produce all the cells of the hematopoietic
lineage. Modified from [Trumpp et al., 2010].
pluripotency can also be artificially induced by the expression of pluripotency
factors [Takahashi and Yamanaka, 2006].
Stem cells in the adult are multipotent. They have the potential to give
rise to multiple, but not to all cell types. As a typical example the hematopoi-
etic stem cell (HSC) may be illustrated here (Fig. 1B). Different subtypes of
the HSC are present in the bone marrow. Dormant HSCs enable long term
maintenance and can be activated in stress conditions. They resemble the
quiescent fraction of the stem cells that is cycling slower and not produc-
ing progenitors. The HSCs responsible for homeostasis constantly self-renew
and produce progenitors. Progenitors are transit amplifying cells that are
no longer able to self-renew and might be restricted in their lineage. HSCs
produce multipotent progenitors (MPPs), which continuously divide. MPPs
give then rise to lineage restricted progenitors that finally differentiate to the
mature cells of the hematopoietic lineage (Fig. 1B, [Trumpp et al., 2010]).
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1.2 Stem cell niches
The type of the tissue and the state of the organism require a certain stem
cell activity. Intestinal stem cells have to continuously divide to replace
damaged cells in the gut, while neural stem cells are rather quiescent and
get activated upon injury or stress. Intrinsic and extrinsic factors regulate
these very different behaviors of the stem cells. While the intrinsic factors
are inherited by the stem cells, a specialized environment has to provide the
extrinsic factors necessary for stem cell regulation. These microenvironments
called niches are locally restricted areas, that are able to maintain the stem
cells. In addition they couple the needs of the organism to the regulation
of the stem cells. This dependence of the stem cell on its niche was first
proposed for the hematopoietic stem cells [Schofield, 1978].
Niches maintain a relatively fixed number of stem cells, which is limited
by the physical size of the niche. Therefore several niches are distributed
through the tissue to assure an adequate cell supply. The niche regulates the
stem cells through multiple signals. They both repress differentiation and
convey stem cell identity. The niche balances by these signals differentiation
and self-renewal. This is essential for proper stem cell maintenance, as too
few stem cells might fail in tissue homeostasis, while too many might create
stem cell tumors.
In the bone marrow different HSC subtypes reside in different, partially
overlapping niches (Fig. 1B, [Trumpp et al., 2010]). The niche of the dormant
HSC is made up mainly by osteoblasts and characterized through strong ad-
hesion of the stem cell to the niche and low cycling of the HSC. The HSC
subtype responsible for homeostasis resides in a mixture of or in both the os-
teoblastic and the perivascular niche. The influence of the perivascular niche
increases cycling of the HSC and accounts for the production of progenitor
cells (Fig. 1B, [Trumpp et al., 2010]). The different niches clearly result in
different behavior of the stem cells. Once the stem cells leave these niches
they are committed to a certain fate and will finally differentiate without
renewing anymore.
Although the concept of the stem cell niche was first postulated in the
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Figure 2: Stem cell niches in the Drosophila ovariole. Two niches are
present in the ovariole. The germline stem cell (GSC) and the follicle stem
cell (FSC) niche. TF cell = Terminal filament cell. Modified from [Nystul
and Spradling, 2007]
mammalian system, the stem cell niches of the Drosophila ovary and testis
(Fig. 2 and 3) have been valuable models to intensively study the biology of
the niche as they share many common features with mammalian niches [Kiger
et al., 2001; Xie and Spradling, 2000]. The main pathways regulating stem
cell maintenance in the gonadal niches of Drosophila are Bone Morphogenetic
Protein (BMP) signaling by the two ligands Decapentaplegic (Dpp) and Glass
bottom boat (Gbb) [Xie and Spradling, 1998; Kawase et al., 2004], Janus ki-
nase/Signal transducers and activators of transcription (Jak/Stat) signaling
[Leatherman and DiNardo, 2008] and Hedgehog (Hh) signaling [Zhang and
Kalderon, 2001]. Many stem cell properties like aging [Cheng et al., 2008;
Inaba et al., 2011; Toledano et al., 2012], dedifferentation [Brawley and Matu-
nis, 2004; Sheng et al., 2009] and the interplay of multiple regulatory mecha-
nisms [Yamashita et al., 2003; Kawase et al., 2004; Wang et al., 2006; Ueishi
et al., 2009] relevant for mammalian niches have been investigated in the
testicular stem cell niche.
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Figure 3: (A) Location of the Drosophila testis (green) in the fly abdomen.
The stem cell niche resides at the apical tip of the testis (red rectangle).
Pictures taken from Hartenstein [1993]. (B) The niche at the apical tip of the
testis. The main niche component is a cluster of hub cells (red). Two other
cell types are present: germ cells (blue) and somatic cells (green). The germ
cell population is composed of germline stem cells (GSCs) in direct contact to
the hub, gonialblasts and germline cysts. The somatic cell population consists
of cyst stem cells (CySCs) in direct contact to hub and GSCs, and cyst cells
(CyC) which are ensheating the gonialblast and the germline cysts.
1.3 Drosophila testicular stem cell niche
The testicular stem cell niche resides at the apical tip of the Drosophila testis
(Fig. 3). About 10 germline stem cells (GSCs) and 20 cyst stem cells (CySCs)
are surrounding a cluster of 10 non-dividing, stromal cells termed the hub. All
stem cells contact the hub, GSCs via a broad interface and CySCs by cellular
extensions [Hardy et al., 1979; Yamashita et al., 2003; Cheng et al., 2011].
The hub, which is secreting several stem cell factors, constitutes the main
part of the niche for both stem cell populations [Kiger et al., 2001; Kawase
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et al., 2004]. Besides the hub, also the stem cells themselves contribute to
the niche for the other stem cell type [Kawase et al., 2004; Parrott et al.,
2012].
Both stem cell types in the Drosophila testis are essentially unipotent.
The germline stem cell divides asymmetrically into one stem cell and one
gonialblast. The gonialblast develops into a 16-cell-cluster (germ cell cyst)
via four incomplete mitotic divisions. 64 sperms arise from the 16-cell-cluster
by meiosis [Hardy et al., 1979]. Each GSC is enclosed by 2 CySCs, the
somatic stem cell type of the testis. CySCs divide in a coordinated fashion
together with the GSC and give rise to the postmitotic cyst cells. 2 cyst
cells (CyCs) will ensheath the germ cell cyst during their development and
stop dividing [Hardy et al., 1979]. This is in contrast to the progeny of the
analogous follicle stem cells in the ovary, which continue to divide [Tworoger
et al., 1999].
This architecture of the testicular stem cell niche is similar to known
mammalian niches. In the hematopoietic stem cell niche also multiple cells
form the niche of the hematopoietic stem cell [Kiel et al., 2005; Zhang et al.,
2003]. The role of hub and cyst stem cells as niche cells for the GSC is com-
parable to the role of osteoblasts and endothelial cells for the hematopoietic
stem cell [Kiel et al., 2005; Zhang et al., 2003; Kawase et al., 2004; Parrott
et al., 2012]. In the hematopoietic system several stem cell subtypes reside
within the niche [Challen et al., 2010]. They are differentially regulated by
the signals from the niche [Challen et al., 2010]. Similar to that, different
stem cell types exist in the testicular niche [Leatherman and DiNardo, 2008;
Kawase et al., 2004].
The 3 main mechanisms through which the niche exerts its function can
be studied in the Drosophila testis. The first common feature is adhesion of
the stem cells to the niche [Song et al., 2002]. Both GSCs and CySCs require
DE-Cadherin mediated adhesion for their maintenance [Voog et al., 2008].
The niche assures by this mechanism that the cells supposed to receive the
signals are attached to the niche and thereby stay in the range of the signal.
This also limits the niche space available for stem cells, as there is only a
finite amount of binding partners for stem cells within one niche.
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This role of cadherins is not limited to Drosophila. Mammalian neural
stem cells, for example, require E-Cadherin for self-renewal. Impairing its
function results in the loss of stem cells and the onset of differentiation [Kar-
powicz et al., 2009]. In the bone marrow adhesion of hematopoietic stem
cells (HSCs) to their niche cells enables their long-term maintenance [Zhang
et al., 2003]. Not only cell-cell adhesion mediated by cadherins, but also
adhesion of the stem cells to the extracellular matrix (ECM) by integrins
plays an integral part in adhering stem cells to their niche. The α6β1 inte-
grin receptor, for example, tethers neural stem cells to the ECM deposited
by the endothelial cells. This puts the stem cells next to the ECM and the
vasculature, which are potential sources of stem cell signals regulating the
neural stem cells [Shen et al., 2008]. Integrin mediated adhesion also provides
the necessary cues for the homing of circulating HSCs. Inhibition of integrin
function impairs homing of the stem cell to their niche and mobilizes stem
cells from the niche into the blood [Potocnik et al., 2000; Qian et al., 2006].
The competition of the stem cells for occupancy of the limited space in
the niche is the second mechanism essential for niche function [Jin et al.,
2008; Issigonis et al., 2009]. GSCs with impaired adhesion to the niche cells
are outcompeted by other GSCs either resulting from symmetric divisions or
by dedifferentiating spermatogonia [Jin et al., 2008; Sheng et al., 2009]. By
this mechanism damaged cells can be removed from the niche and replaced
by new stem cells thus preventing stem cell loss.
Competition is not limited to one population but also exists between
different stem cell populations. For example, Jak/Stat signaling in the CySCs
regulates their adhesion to the hub. Increased Jak/Stat signaling in the
CySCs would cause them to outcompete the GSCs from the hub, but a
negative feedback loop of Jak/Stat signaling attenuates adhesion of CySCs
to the hub. This feedback therefore balances adhesion of GSCs and CySCs
to the hub and sets the correct ratio of CySC to GSC in the testis [Issigonis
et al., 2009].
Competition was also shown between stem cells in the mammalian niches.
Both in the mammalian testis and the hematopoietic stem cell niche evidence
exists, that stem cells are actually competing for niche occupancy [Shinohara
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et al., 2002; Priestley et al., 2006]. This feature is not only important for the
maintenance of the stem cells but has also implications for engraftment of
donor cells during transplantation. Stem cells with a competitive advantage
will outcompete the other stem cells and take over the niche [Priestley et al.,
2006].
The third mechanism is the functional asymmetry of the niche, which
underlies the asymmetric divisions of the stem cells. Two sources add up to
the asymmetry. First, the above mentioned cadherin mediated adhesion con-
tributes to the asymmetry in the testicular niche. In GSCs one centrosome is
anchored throughout the cell cycle to the hub-GSC interface by interacting
with the adherens junctions. Utilizing the polarized distribution of the junc-
tions within the cell, the spindle is oriented perpendicular to the stem-hub
cell interface. In essence this oriented spindle ensures asymmetric divisions,
while perturbing the orientation will create more symmetric division and
increase stem cell number [Yamashita et al., 2003; Inaba et al., 2010]. In
contrast to that, the mitotic spindle in CySCs is not oriented throughout the
cell cycle. It rather starts at a random orientation but gets oriented perpen-
dicular to the CySC-hub interface during anaphase. Similar to the situation
in GSCs, DE-Cadherin specifically localized to the CySC-hub interface gives
the polarity cue for the spindle. Failure in proper orientation of the spindle
will result in more symmetric divisions and increase stem cell number [Cheng
et al., 2011].
The secretion of the ligand by the niche cells towards the stem cells creates
a second asymmetry within the niche. Both in mammalian [Ding et al., 2012;
Barker et al., 2007; Machold et al., 2003] and fly stem cell niches [Kawase
et al., 2004] freely diffusible factors secreted by the niche cells maintain the
stem cells and prevent differentiation. The main pathway regulating GSC
renewal in the Drosophila testis is the Bone Morphogenetic Protein (BMP)
pathway which represses the differentiation factor bam [Kawase et al., 2004].
It is, however, unknown how freely diffusible factors can produce this sharp
transition from stem to differentiating cell [Chen and McKearin, 2003b].
The second stem cell population in the testicular niche, the CySCs, are
regulated by the Jak/Stat pathway. The Jak/Stat ligand Unpaired (Upd),
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which is secreted by the hub cells, acts directly on the CySCs. They respond
by expressing the transcriptional repressors Zinc finger homeodomain 1 (zfh1)
and chronologically inappropriate morphogenesis (chinmo), which maintain
them as stem cells [Leatherman and DiNardo, 2008; Flaherty et al., 2010].
In addition the expression of some Hedgehog (Hh) pathway components has
been noted in the Drosophila testis [Forbes et al., 1996]. In mammals the
Hh homologues are essential for the maintenance of neural and follicle stem
cells [Machold et al., 2003; Rittié et al., 2009] and act during development of
the mammalian testis [Yao et al., 2002]. However, it is not known which role
Hh signaling plays in the Drosophila testicular niche. The potential role of
Hh in the fly testis might therefore provide interesting parallels to its roles
in the mammalian system.
I have therefore set myself the following two aims,
which I will address during my thesis:
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Aims of the thesis
1) In the niche a sharp transition from germline stem cells to differentiat-
ing cells exists [Yamashita et al., 2003]. However, the main niche factor
for the GSCs is Dpp, a classical long range morphogen [Nellen et al.,
1996]. I therefore want to answer the following question:
How does a long range morphogen create the sharp boundary
between stem cells and differentiating cells in the stem cell
niche?
To achieve this aim I will:
• map pathway activation with subcellular resolution
• dissect the cell biological mechanisms underlying the spatially re-
stricted niche signaling
2) hedgehog (hh) is expressed in the hub cells of the larval testis [Forbes
et al., 1996]. Although Hh is important for the follicle stem cell niche
in the ovary [Zhang and Kalderon, 2001] it is not known whether Hh
has a role as a niche factor in the testicular stem cell niche. I therefore
want to address the following question:
What is the role of Hh signaling in the stem cell niche in the
testis?
To achieve this aim I will:
• identify the Hh responding cells
• study the effects of Hh pathway overactivation and loss of function
in the context of the niche
11
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Chapter 2
Local BMP receptor activation
The classical role of BMP is that of a morphogen, e.g. in the wing disc.
The BMP ligands secreted from a source act as extracellular morphogens
switching on several target genes depending on different signaling thresholds
needed for their activation [Nellen et al., 1996]. BMPs (Decapentaplegic and
Glass bottom boat), however, are also the main stem cell factors for the
germline stem cells (GSCs) in the germline stem cell niche of the Drosophila
testis [Kawase et al., 2004; Leatherman and DiNardo, 2008].
BMP ligands are secreted as homo- or heterodimers [Kawase et al., 2004;
Bangi and Wharton, 2006]. The homo- and heterodimers hereby have differ-
ent roles and/or signaling activity [Arora et al., 1994; Shimmi et al., 2005].
In the germline stem cell niche homo- and heterodimers of Dpp and Gbb are
secreted from the hub and the cyst stem cells (CySCs), the respective niche
cells of the germline stem cells [Kawase et al., 2004].
The spread of the ligand through the tissue is regulated via its interaction
with the extracellular matrix. The proteoglycan Dally regulates extracellular
distribution of Dpp by binding its N-terminus and thereby preventing degra-
dation of Dpp by receptor-mediated endocytosis, resulting in a longer half
life in the tissue [Akiyama et al., 2008]. Besides the stabilization, binding
of Dpp by Dally has two important outcomes. First, Dally potentiates Dpp
signaling by acting as a co-receptor [Fujise et al., 2003]. Secondly, this bind-
ing restricts Dpp to the surface of the cells and prevents diffusion away from
13
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Figure 4: BMP pathway activation in the wing disc. The ligands Decapenta-
plegic (Dpp) and Glass bottom boat (Gbb) migrate towards the receiving cell,
restricted in their diffusion by Division abnormally delayed (Dally). Binding
of the ligand to the type II receptor Punt (Put) enables the type I receptors
Saxophone (Sax) or Thickveins (Tkv) to bind to the ligand-Put complex. Put
then phosphorylates Sax/Tkv, which in turn phosphorylate Mothers against
Dpp (Mad). The afterwards formed trimeric complex of Mad and Medea
enters the nucleus and activates transcription or represses transcription by
recruiting the repressor Schnurri.
the cells. As Dpp is still able to migrate along the surface of the 2D array of
cells, it moves further than without Dally [Belenkaya et al., 2004].
On the receiving cell the ligand binds to the type II serine-threonine
kinase receptor Punt (Put) (Fig. 4). The type I receptor then binds to the
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ligand-Put complex and gets phosphorylated by Put [Wrana et al., 1992].
The two main type I receptors involved in Dpp signaling in the wing disc
and the germline stem cell niche are Thickveins (Tkv) and Saxophone (Sax).
They show different binding characteristics for the ligands, with Tkv binding
stronger to Dpp and Sax stronger to Gbb [Haerry et al., 1998].
The activation of the type I receptors leads to the phosphorylation of
the BMP transcription factor Mothers against Dpp (Mad) [Tanimoto et al.,
2000]. Activated Mad translocates to the nucleus and binds to specific recog-
nition sites in the promoters of Dpp targets [Gao et al., 2005]. This leads to
the recruitment of the repressor Schnurri and consequent Dpp-dependent re-
pression of the gene. Alternatively, binding of the Mad-Medea complex can
also activate transcription of the genes employing other co-factors [Marty
et al., 2000]. The main role of BMP signaling in the GSCs is to repress the
differentiation factor bag of marbles (bam) to maintain the stem cell character
of the GSCs [Shivdasani and Ingham, 2003; Kawase et al., 2004].
The intriguing feature of the stem cell niche is the sharp boundary be-
tween stem cells and differentiating cells. BMP activity is limited to the first
tier of cells around the hub cells and thereby defines them as germline stem
cells [Yamashita et al., 2003]. It is not completely understood what com-
mits the stem cell to differentiation within one cell diameter, given that the
main stem cell determinant is the long range morphogen Dpp. Clearly the
extracellular matrix protein Dally-like protein (Dlp) has a role in this, as it
regulates spread of the ligand through the niche and is only expressed on the
hub cell surface [Hayashi et al., 2009]. This suggests that activation occurs
at the hub-germ cell interface, a mechanism proposed in the hematopoietic
stem cell niche and termed the stem-cell-niche synapse [Wilson and Trumpp,
2006]. Therefore we were interested in the spatial properties of BMP path-
way activation in the germline cells to determine if it is graded (as suggested
by a morphogen gradient) or synapse-like (according to the synapse model).
The work shown here was performed by me and Christian Bökel (Chris-
tian acquired the bam∆27::TIPF images and performed the analysis of Dpp-
RFP/Rab11-YFP colocalization). In addition to the work presented here,
work from Isabel Raabe, Adam P. Kupiński and Christian Bökel, which is
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not shown here, was published together with my work in Michel et al. [2011].
I will refer to this additional data not presented here by citing this paper.
2.1 Endogenous Thickveins is expressed in all
germline cells
The two BMP type I receptors Saxophon (Sax) and Thickveins (Tkv) are
known to play an important role in the maintenance of germline stem cells
[Kawase et al., 2004]. tkv was shown to be more crucial for stem cell main-
tenance than sax, as tkv8 mutant GSCs were lost rapidly. The loss of the
stem cells is due to the release of the differentiation factor bam from BMP-
mediated repression [Kawase et al., 2004; Gönczy et al., 1997]. In conclusion,
Tkv is activated in the germline stem cells and inactive in the differentiating
germ cells. It is, however, unknown where tkv is expressed in the germline, es-
pecially in the later stages. We therefore sought to determine the expression
pattern of tkv in the male Drosophila germline.
In principle two scenarios could be imagined to explain that BMP signal-
ing is off in the differentiating germ cells: Either tkv expression is repressed
in the differentiating germ cells or tkv is still expressed but not activated.
To distinguish the two possibilities we visualized Tkv distribution in the
Drosophila testis by antibody staining. We used laser scanning confocal
microscopy to acquire images with high-resolution and high-quality optical
sectioning. Shown in Fig. 5 are several slices of a z-stack of a fly testis illus-
trating Tkv distribution. It appears to be present throughout the germline
in a punctate pattern and excluded from the hub, while being present at the
hub-germ cell interface (Fig. 5C).
In addition we used multi-photon illumination followed by deconvolution
to reduce the out-of-focus blur. Shown in Fig. 6A is the deconvolved image
confirming the punctate expression throughout the germline but devoid of
the blur visible in Fig. 5. Thickveins is also present outside of the area, where
the GSCs would be expected (Fig. 6B). Coming back to the two scenarios
presented at the beginning, we conclude that the second scenario is the most
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(A) z=1.2 µm (B) z=2.1 µm
(C) z=4.5 µm (D) z=7.0 µm
Figure 5: Optical sections in z-direction through the testis showing endoge-
nous Thickveins (green) at (A) z=1.2 µm, (B) z=2.1 µm, (C) z=4.5 µm and
(D) z=7.0 µm. Arrow points at hub - germ cell interface. Hub is marked by
Fasciclin III (red). Scale bar equals 5 µm.
(A) 3D reconstruction (B) z-projection
Figure 6: 3D reconstruction of the Thickveins (green) distribution in the
fly testis. (A) 3D reconstruction (B) Maximum intensity projection. Dashed
line outlines the area where the GSCs reside. Hub is marked by Fasciclin III
(red). Scale bars equal 10 µm.
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likely one, with tkv being expressed everywhere but only activated in the
germline stem cells.
2.2 BMP signaling is activated at the inter-
face between hub and germ cells
Tkv is ubiquitously expressed in all the germline cells, but the BMP pathway
is only active in the germline stem cells. We therefore asked, how this sharp
transition is created. Is it achieved via a very short range gradient or via a
contact dependent mechanism? To discriminate between these two scenarios
we need to monitor BMP pathway activation at a subcellular resolution.
The tools usually employed to monitor BMP pathway activation, like Mad
phosphorylation or target gene expression [Tanimoto et al., 2000; Leatherman
and DiNardo, 2010], do not offer such a resolution. We therefore created
a reporter that directly visualizes pathway activation on the level of the
receptor (Fig. 7).
The BMP reporter was engineered as a fusion protein of Thickveins,
InversePericam and FKBP12 (TIPF, Michel et al. [2011]). InversePericam
is a genetically engineered, circular permutated YFP, where the N- and C-
terminus were connected via a spacer and new termini were created at another
position (Fig. 7A, [Nagai et al., 2001]). InversePericam shows conformation
dependent fluorescence. It is not fluorescent if its termini are in contact and
fluorescent if they are apart from each other [Nagai et al., 2001]. The switch
of fluorescence depending on the interaction of the termini of InversePericam
was initially used as a Ca2+ sensor, where Calmodulin and M13 were fused to
the N- and C-terminus of InversePericam. Upon Ca2+-dependent interaction
of these proteins, N- and C-terminus of InversePericam come in contact and
it changes from a fluorescent to a dark state [Nagai et al., 2001].
The TIPF reporter also employs this switch depending on the interaction
of its termini. We use here the interaction of Thickveins with FKBP12, that
only happens in the inactive state of Thickveins [Huse et al., 1999; Oeda
et al., 1998]. Following the binding to Dpp Thickveins gets phosphorylated
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Put
Dpp
InversePericam
On
Tkv
FKBP12
InversePericam
O!
(A) YFP (B) TIPF reporter
Figure 7: Principle of the TIPF reporter. (A) Structure of YFP [Yang
et al., 1996]. The N- and C-terminus (blue) of YFP and the position of
the N- and C-terminus (red) of InversePericam are highlighted in the struc-
ture. (B) FKBP12 dissociates upon phosphorylation from Thickveins and
InversePericam gets fluorescent.
and FKBP12 dissociates from it [Wrana et al., 1994]. This switch results in
an open conformation and consequent onset of fluorescence of the reporter
reflecting the activation of Thickveins (Fig. 7B). TIPF faithfully and quan-
titatively reflects BMP pathway activation in the wing disc [Michel et al.,
2011].
We expressed the reporter in the whole germline using the strong germline
specific driver nanos::Gal4VP16 [Doren et al., 1998]. We detected reporter
activation only in the germline stem cells (Fig. 8A). In addition reporter
activation within the stem cell population was restricted to the hub - GSC
interface (Fig. 8A) although Tkv-Cherry expressed by the same Gal4 line
shows an uniform distribution over the cell (Fig. 8B). This is not an artifact
resulting from preferred fixation in the fluorescent conformation as also live
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(A) UAS::TIPF (B) UAS::Tkv-Cherry (C) live UAS::TIPF
(D) UAS::Punt-GFP (E) bam∆27::TIPF (F) bam∆27::TIPF
Figure 8: TIPF activation in the germline. (A-D) nanos::Gal4VP16
driven expression of (A,C) UAS::TIPF with arrow pointing at TIPF activa-
tion foci (green), (B) UAS::Tkv-Cherry (green) with arrows pointing at germ
cell tumors and (D) UAS::Punt-GFP (green). (E,F) Expression of TIPF
from a truncated bam promoter. (E) GFP antibody staining (green) shows
TIPF expression throughout the germline. (F) TIPF fluorescence (green)
with arrows pointing at TIPF activation foci. Germ cells are marked by
Vasa in blue (A,D). Hub is marked by DE-Cadherin (A,E: red), Fasciclin III
(B,D,F: red) or red asterisk (C). Nuclei marked by DAPI (B: blue). Scale
bars equal 10 µm.
images show the reporter activation surrounding the hub (Fig. 8C), but
reflects the activation of the signal exclusively at the contact sites of hub
and stem cells. The local activation also does not simply reflect protein
localization as endogenous Tkv and both overexpressed Tkv and Put show
an uniform distribution in the germ cells (Fig. 6B and 8B,D).
Overexpression of Thickveins via a strong driver can cause ligand indepen-
dent activation of BMP signaling resulting in a stem cell tumor (Fig. 8B). To
confirm that the local activation we observe is ligand dependent, we needed
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a weaker driver to avoid ligand independent activation. We therefore de-
cided to use a truncated version of the bam promoter for a weaker expression
of TIPF. bam expression has to be tightly regulated as it is both necessary
and sufficient to drive germ cell differentiation [McKearin and Ohlstein, 1995;
Sheng et al., 2009]. The bam promoter contains an enhancer element between
-86 and -61 directing transcription in the germline and an element between
+27 and +44 silencing transcription in the germline stem cells, ensuring that
bam expression is limited to the differentiating germ cells [Chen and McK-
earin, 2003a]. We cloned a bam promoter fragment devoid of this silencer
region in front of the TIPF transgene to create a weak and Gal4 indepen-
dent expression of the reporter in the germline (bam∆27::TIPF, Michel et al.
[2011]). The construct faithfully expresses TIPF in the germline as shown by
antibody staining (Fig. 8E). Using this construct we detect BMP reporter
activation exclusively at the hub-germ cell interface (Fig. 8F), but ligand in-
dependent activation further away from the hub, as sometimes detected for
nanos::Gal4VP16 driven expression (Fig. 8A), is not observed. The punctate
activation pattern is more pronounced under the moderate expression levels
and likely resembles the endogenous BMP signaling activation.
We detect pathway activation only at the germ-hub cell but not at the
germ-cyst stem cell interface, although it has been suggested, that BMP
signals from the CySCs are essential for GSC maintenance [Kawase et al.,
2004]. Although Dpp, the ligand activating Thickveins, was detected by
expression analysis in the CySCs/CyCs after cell sorting [Kawase et al., 2004],
the driver used for sorting (c587::Gal4) also labels the precursors of the hub
cells and shows some perdurance of the expressed protein in the adult [Lee
et al., 2008]. It is therefore possible, that the detected dpp expression is rather
a contamination coming from hub cells than an expression in the CySCs or
CyCs. Alternatively, Dpp secreted from the CySCs might not be limited to
the contact sites and just equally distribute over the surface. In this case the
signal would be too low to be detected.
These results point at a contact dependent pathway activation in the
germline stem cells. It appears to be specifically activated at membranes of
the GSC that face towards the hub cells which are the source of the activating
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ligand Dpp.
2.3 Activation coincides with ligand accumu-
lations and adherens junctions
The hub is the main source of the Dpp and Gbb ligands activating BMP
signaling within the germ cells. Although Gbb and Dpp were shown to be
essential for stem cell maintenance, only Dpp can repress their differentiation
[Kawase et al., 2004].
In order to understand the contact dependent activation of our TIPF re-
porter, we were interested in the localization of its ligand Dpp in our system.
As we cannot image the ligand itself we overexpressed a functional, tagged
version of Dpp to visualize its distribution. This approach has been employed
before to investigate the spread of Dpp within a tissue [Entchev et al., 2000].
We used upd::Gal4 to specifically express Dpp in the hub and confined the
expression to the adult stage by using tub::Gal80ts. In accordance with our
previous findings, Dpp accumulations were found to colocalize with reporter
activation (Fig. 9A). In this view the GSC resides just on top of the hub cells
and we see the activation of Thickveins in the GSC and vesicles containing
Dpp just beneath the membrane of the hub cells. Furthermore these ligand
accumulations appear to be located close to or at the adherens junctions
marked by Drosophila E-Cadherin (DE-Cadherin, Ecad) (Fig. 9B).
As Dpp vesicles localized to the adherens junctions, we wondered if also
TIPF activation happens exclusively there. We used a RFP tagged DE-
Cadherin under the control of an ubiquitin promoter to restrict expression to
hub cells, as the ubiquitin promoter is inactive in the germ cells [Michel et al.,
2011]. Indeed TIPF activation coincides with adherens junctions formed by
hub cells, presumably with the overlying GSC (Fig. 9C).
To dissect the architecture of the adherens junction at the hub-germ cell
interface we expressed differentially labeled DE-Cadherins in the two cell
types. We expressed Ecad-RFP in the hub cells using the ubiquitin promoter
and Ecad-GFP in the germline using nanos::Gal4VP16. We can see a clear
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difference between the two cell types using this approach (Fig. 9D). While in
the hub cells a ring at the apical side (apical belt) is clearly visible (Fig. 9D,
see also Fig. 9B,C), the pattern in the germline is different. DE-Cadherin
in the germ cells appears to be concentrated in punctate structures with
counterparts on the side of the hub cell (arrow in Fig. 9D). They appear
to be both contact points and signaling centers between the cells (Fig. 9C).
These structures probably serve a role in BMP signaling in the germline,
although their importance is unclear by now.
(A) bam∆27::TIPF, Dpp-RFP (B) Dpp-GFP
(C) bam∆27::TIPF, Ecad-RFP (D) Ecad-GFP/-RFP
Figure 9: bamΔ27::TIPF activation coincides with (A) concentrations of
Dpp-RFP (red) expressed with the upd::Gal4 driver specifically in the hub
and (C) adherens junctions marked by Ecad-RFP (red) expressed in the hub
using the ubiquitin promoter. Arrows point at foci of TIPF activation (green)
and dashed lines outline the hub. (B) Dpp-GFP (green, arrow) expressed
with the upd::Gal4 driver in the hub localizes to adherens junctions marked
by DE-Cadherin (red). (D) Ecad-RFP (red) expressed in the hub using the
ubiquitin promoter marks the apical belt of the hub cell, while Ecad-GFP
(green) expressed in the overlying germ cell by using the nanos::Gal4VP16
driver shows a punctate pattern. Arrow pointing at adherens junction between
hub and germ cell. Scale bars equal 5 µm.
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2.4 Exocyst knockdown traps Dpp in Rab11
endosomes
How is the localized activation of BMP signaling and the preceding localized
secretion of the ligand achieved? A classical protein complex used by many
cell types for directed transport is the exocyst (Fig. 10A).
Initially discovered in Saccharomyces cerevisiae as a complex required for
exocytosis, the exocyst was later found to be highly conserved in eukary-
otic organisms. It constitutes an octameric complex (Sec3, Sec5, Sec6, Sec8,
Sec10, Sec15, Exo70 and Exo84) essential for the delivery of exocytotic vesi-
cles to the site of exocytosis [TerBush et al., 1996; Guo et al., 1999] (Fig.
10A). In epithelial cells the exocyst complex (also called Sec6/8 complex)
delivers vesicles to cell-cell contacts [Grindstaff et al., 1998; Yeaman et al.,
2004]. In neurons the exocyst complex is involved in synapse formation by de-
livering membrane and protein components to the forming synapse [Hazuka
et al., 1999].
The distribution of the single exocyst components along the route of
exocytosis differs. Most of the components like Sec15 localize to the vesicles,
while Exo70 and Sec3 mark the site of secretion [Boyd et al., 2004]. Exo70
and Sec3 have lipid-binding motifs, which are essential to localize these two
exocyst components to the site of secretion and thereby polarize the exocyst
Sec5
Exo70
Exo84
Sec6
Sec3
Sec8
Sec10
Sec15
(A) Exocyst (B) Dpp-GFP/Sec15-Cherry
Figure 10: (A) Scheme of the exocyst protein complex adapted from Murthy
et al. [2005]. (B) In upd::Gal4, tub::Gal80ts; UAS::Sec15-Cherry; UAS::Dpp-
GFP flies Dpp-GFP colocalizes with Sec15-Cherry in the hub. Arrows point
at Dpp-GFP-positive vesicles (green) also positive for Sec15-Cherry (red).
Dashed lines outline the hub. Scale bar equals 10 µm.
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Exo84
Sec15Sec10
Rab11
Vesicle
Sec8
Sec6Sec5
Sec3 Exo70
Ral
Sec9
vesicle 
SNARE
target
SNARE
Sec15Sec10
Rab11
Vesicle
Sec8
Sec6Sec5
Sec3 Exo70
SNARE
complex
Exo84
Tethering via Ral GTPases SNARE complex formed
Exocyst 
activation
via 
Rho GTPases
(A) (B)
Figure 11: Model for Exocyst function. (A) Exocyst components bound to
the membrane (green) specify the site of secretion. They are interacting with
further components of the exocyst (blue), from which Sec6 binds to Sec9 and
thereby prevents formation of the SNARE complex. On the incoming vesicle
exocyst components reside (red), from which Sec15 is interacting with Rab11
on the endosomes. Ral GTPases assemble the full complex by binding Exo84
and Sec5. (B) The assembled complex is then activated by Rho GTPases.
This leads to release of Sec9 and to the formation of a functional SNARE
complex leading to membrane fusion and exocytosis. Modified from [Wu et al.,
2008].
towards it [Zhang et al., 2008; Hutagalung et al., 2009].
To assess the involvement of the exocyst complex in the localization of
the signal, we used Sec15 as a marker for exocyst vesicles. By expressing flu-
orescently tagged, functional versions of both Sec15 [Michel et al., 2011] and
Dpp [Entchev et al., 2000] in the hub, we could visualize the colocalization
of the two proteins within the producing cell (Fig. 10B). After 5 days ex-
pression from a hub specific promoter (upd::Gal4) in the adult fly almost all
Dpp-positive vesicles appeared to be also positive for Sec15 (93.0% ± 8.5%,
n=13 testes), while vice versa not all Sec15-positive vesicles were positive
for Dpp (65.1% ± 14.8%, n=13 testes). We therefore conclude, that Dpp is
transported in exocyst vesicles.
Incoming exocytotic vesicles are tethered at the site of secretion through
the action of Ras-related (Ral) GTPases. Ral GTPases have interaction in-
terfaces for exocyst components on the membrane (Sec5) and on the vesicle
(Exo84), and thereby assemble the full complex at the membrane [Moskalenko
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et al., 2003]. The assembled exocyst complex is then anchored to this site
by further protein-protein interactions of Sec6 [Songer and Munson, 2009].
Activation of the tethered exocyst complex is finally achieved by members
of the Ras homolog (Rho) GTPases, e.g. Cell division cycle 42 (Cdc42) and
Rho3 (Fig. 11).
An important link between the exocyst and the recycling machinery is
constituted by the interation of Ras-related in brain 11 (Rab11) and Sec15.
Sec15 physically interacts with Rab11 and is an effector of Rab11 [Zhang
et al., 2004a; Wu et al., 2005]. This interaction is essential to recycle ma-
terial from the endosomal compartment back to the cell surface (Fig. 11).
In Drosophila epithelial cells this mechanism is used to recycle DE-Cadherin
from the basolateral membrane to the adherens junctions. Impairing exo-
cyst functions leads to an enlarged endosomal compartment, as recycling is
inhibited [Langevin et al., 2005].
We went on to impair exocyst function in the hub cells to study its role
in the germline niche. Unfortunately hub cells are postmitotic and the gen-
eration of mitotic clones is not possible [Gönczy and DiNardo, 1996]. We
therefore applied RNA interference (RNAi) to deplete certain exocyst com-
ponents and impair exocyst function. We used upd::Gal4 as a hub specific
driver in the fly testis and obtained several UAS::hpRNA lines from the Vi-
enna Drosophila RNAi Center directed against different exocyst components
like Sec5, Sec6, Sec8 and Exo70. We did not see any phenotype when ex-
pressing hpExo70 or hpSec15 even for longer times in the hub cells, while
hpSec6 and hpSec8 gave a clear phenotype on Rab11-YFP distribution con-
sistent with previously published results on exocyst disruption [Wu et al.,
2005; Langevin et al., 2005]. We therefore used hpSec6 and hpSec8 in the
consequent experiments to impair exocyst function.
In control hub cells there is only a minor colocalization between Dpp-
RFP and Rab11-YFP (Fig. 12A,B) and in general only few Rab11-positive
endosomes are visible. Nevertheless Dpp-RFP can be detected in Rab11
endosomes (17.7% ± 2.7% of all Dpp-RFP pixels are also positive for Rab11-
YFP, n=6 testes).
In the Sec6 or Sec8 RNAi background the Rab11-positive compartement
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Figure 12: Colocalization of Dpp-RFP and Rab11-YFP in flies carrying
upd::Gal4, tub::Gal80ts; tub::Rab11-YFP; UAS::Dpp-RFP and either (A,B)
control or (C,D) UAS::hpSec6. (A,C) Dpp-RFP (red) and Rab11-YFP
(green) colocalize to some extend (arrows indicate colocalization, while ar-
rowheads indicate none) in the hub (outlined by dashed line). Scale bars
equal 10 µm. (B,D) Intensity of Rab11-YFP fluorescence is plotted against
Dpp-RFP fluorescence for A or C, respectively. The heat map indicates pixel
density. The left graph corresponds to a region outside of the hub area and is
taken as a measure for background in both channels (dashed lines), while the
right one is an area measured within the hub. The quarter on the lower left
contains the pixels below background for both channels, while the quarter at
the upper right shows pixels positive for both channels. The values indicate
that only (B) 14% of the Dpp-RFP pixels are also positive for Rab11-YFP
in the control situation, while the value increases to (D) 77% for the Sec6
RNAi.
is enlarged (Fig. 12C), probably caused by both bigger and more numer-
ous endosomes. Also the colocalization between Dpp-RFP and Rab11-YFP
markedly increased (Fig. 12D). For both Sec6 (76.7% ± 7.4%, n=7, p<0.001,
Student’s t test) and Sec8 RNAi (62.2% ± 7.2%, n=6, p<0.001, Student’s
t test) the colocalization between Dpp-RFP and Rab11-YFP signifcantly
increased compared to the control hub cells.
Knocking down core components of the exocyst complex (Sec6, Sec8) in
the hub cells leads to an impairment of its function and has a major effect
on Dpp distribution in the cell. Compared to the wildtype steady state the
ligand localizes stronger to the enlarged Rab11-positive, endosomal compart-
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ment. This probably reflects an essential role of the exocyst in exocytosis
of the Dpp containing vesicles which upon impairment of the exocyst get
trapped in the Rab11-positive, endosomal compartment.
2.5 Exocyst knockdown leads to an internal-
ization of DE-Cadherin
The exocyst complex is important both for the formation of a synapse [Hazuka
et al., 1999] and for the directed delivery of DE-Cadherin to the junctions
[Langevin et al., 2005]. In the GSC niche we see directed delivery of the lig-
and and localized activation of signaling, but coinciding with that we also see
localized DE-Cadherin based junctions at the site of signal reception (Fig. 9).
We therefore wondered whether also in the hub cells the exocyst transports
cadherins to the junctions. This might explain the colocalization of ligand,
cadherin based junction and signal reception simply by a shared trafficking
route via the exocyst.
To test our hypothesis we examined the Cadherin distribution upon exo-
cyst knockdown. In the testis DE-Cadherin is often used as a marker for hub
cells as it is strongly expressed within the hub cells and shows a prominent
membrane staining (Fig. 13A). Rab11 is generally distributed throughout the
cell and appears stronger in the germline compared to the hub cells. As nei-
ther Rab11-YFP nor DE-Cadherin are expected to be present in the nucleus,
nuclear fluorescence values can be taken as a measure for the background.
Plotting Rab11-YFP intensity against DE-Cadherin under the consideration
of the background allows us to analyze the pixelwise colocalization of the
two proteins. In the wildtype only 17% of all DE-Cadherin-positive pixels
are positive for Rab11-YFP (Fig. 13B).
RNAi both against Sec8 (Fig. 13C,D) and Sec6 (Fig. 13E,F) dramatically
changes localization and appearance of both Rab11-YFP and DE-Cadherin.
Rab11-YFP fluorescence in the hub cells rises even above the levels in the
germline, most likely due to the presence of more and bigger endosomes.
At the same time DE-Cadherin shows no pronounced membrane staining
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Figure 13: Colocalization of DE-/DN-Cadherin and Rab11-YFP in flies
carrying upd::Gal4, tub::Gal80ts; tub::Rab11-YFP and either (A,B,G) con-
trol or (C,D,H) UAS::hpSec8 or (E,F) UAS::hpSec6. (A,C,E) DE-Cadherin
(red) and Rab11-YFP (green) distribution in the hub (outlined by dashed line)
is shown after inducing the expression for 8 days. (B,D,F) Analysis of pixel-
wise colocalization of Rab11-YFP with DE-Cadherin fluorescence for A, C or
E, respectively, or (G,H) of Rab11-YFP with DN-Cadherin. The heat map
is analogous to Fig. 12 with the dashed lines indicating the background val-
ues for each channel. The number indicates the percentage of the Cadherin-
positive pixels also positive for Rab11-YFP. (I) Bar plot showing mean ±
standard deviation of the pixelwise colocalization of DE-/DN-Cadherin and
Rab11-YFP for at least 5 testes each. Significance levels indicate ** p<0.01;
*** p<0.001 by ANOVA. Ctrl.=controls. Scale bars equal 10 µm.
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anymore but rather has a cytoplasmic distribution (Fig. 13C,E). The quan-
tification of the images reflects the changed distribution and shows that now
a bigger portion of the DE-Cadherin signal is localized to the Rab11-positive
endosomal compartment, 68% or 45% for Sec8 or Sec6 RNAi respectively
(Fig. 13D,F).
DN-Cadherin shows a similar expression pattern as DE-Cadherin at con-
tact sites between hub and germ cells [Bras and Doren, 2006]. We therefore
wondered if DN-Cadherin localization is also changed by the disruption of the
exocyst complex. Indeed, DN-Cadherin also localizes stronger to the Rab11-
positive endosomal compartment upon Sec8 knockdown (Fig. 13G,H). In
summary exocyst knockdown significantly increases the localization of DE-
/DN-Cadherin to the Rab11-positive endosomal compartment (Fig. 13I). In
the case of DE-Cadherin the colocalization increases in average from 16%
in the wildtype up to 46% or 38% in the Sec8 or Sec6 RNAi background,
respectively.
(A) DE-Cadherin (B) FasIII
Figure 14: In upd::Gal4, tub::Gal80ts;
UAS::hpSec6 flies Sec6 is depleted by induc-
ing RNAi for 5 days. Localization of (A) DE-
Cadherin (vesicular) and (B) FasIII (membra-
neous) is shown in red. Hub is outlined by
dashed line. Scale bars equal 10 µm.
The internalization of
cadherin is a quite obvi-
ous and dramatic phenotype.
To assure that this effect is
caused by impairment of the
exocyst and not by an un-
specific effect on other trans-
port routes or cell processes,
we checked the localization
of Fasciclin III (FasIII) in the
stem cell niche. FasIII is
part of the septate junctions
and localizes to the lateral
membrane while it is excluded from the more apically located adherens junc-
tions [Woods et al., 1996]. In the hub cells FasIII localizes specifically to the
lateral membrane and is restricted to the interface between hub cells [Bras
and Doren, 2006]. FasIII uses different trafficking pathways and should there-
fore not be affected by impairing exocyst function [Langevin et al., 2005]. It
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therefore constitutes a good control for the specificity of our knockdown.
Depleting the hub cells of Sec6 by RNAi results as expected in an internal-
ization of DE-Cadherin (Fig. 14A), whereas FasIII after the same induction
time still shows a membraneous distribution and no internalization is visible
(Fig. 14B). This indicates a lack of general trafficking defects while affecting
specifically the exocyst route.
In addition to the role of the exocyst in Dpp trafficking it also directs
transport of the Cadherins in the hub cells. Impairing exocyst function leads
to a retention of Dpp and DE-Cadherin within the endosomal compartment,
implying that both utilize the same transport route.
2.6 Directed transport via the exocyst is es-
sential for germline stem cell maintenance
The internalization of DE-Cadherin in the hub cells leads also to a distor-
tion of the 3D structure of the hub (see Fig. 12C or 13C). We therefore
wanted to check, if the function or vitality of the hub cells is compromised
beyond the localization defect of exocyst dependent proteins. To examine
a possible increase in cell death we stained hub cells depleted for Sec8 for
cleaved Caspase-3, a marker commonly used to detect apoptotic cells [Fan
and Bergmann, 2010].
(A) control (B) Sec8 RNAi
Figure 15: Apoptosis is detected by Caspase-
3 activation (cyan, arrow) in (A) controls but
not (B) in the hub of upd::Gal4, tub::Gal80ts;
UAS::hpSec8 flies after 8 days induction.
FasIII in red and DAPI in green. Hub is out-
lined by dashed line. Scale bars equal 10 µm.
In wildtype testes apop-
tosis rarely occurs and we
could just detect it occasion-
ally (Fig. 15A). Sec8 RNAi
did not induce detectable
levels of apoptosis although
the hub was already dis-
torted in shape (Fig. 15B).
The distortion is probably
due to the impairment of ad-
herens junctions by the exo-
32
cyst knockdown and concomitant dissociation of the hub. It progressively
leads to a loss of the hub cells, that cannot be found 11 days after induction
anymore. Despite the fact that both architecture and protein localization is
changed, hub cells are not apoptotic.
We could further show, that impairing exocyst function also results in
a loss of the localized activation of BMP signaling detected by our TIPF
reporter [Michel et al., 2011]. It remains however unclear, if the directed
transport and the localized BMP pathway activation is essential for the main-
tenance of the germline stem cells (GSCs) by the hub.
We therefore checked differentiation markers to determine if the germline
stem cells are forced into differentiation by loss of their maintenance signals.
The differentiation factor bag of marbles (bam) is directly inhibited by Dpp
in the germline stem cells [Chen and McKearin, 2003b]. Bam is both suf-
ficient [Kawase et al., 2004] and necessary [McKearin and Spradling, 1990]
for germ cell differentiation. It is therefore an ideal candidate to screen for
the role of the localized transport as it is both a target of the pathway and
a differentiation factor. We employed a bam::GFP transgene to monitor the
expression and assayed the distance of bam::GFP expressing cells to the hub
as measure for the ability of the hub to maintain the stem cells. A similar
approach has been used before to determine the differentiation status of the
germ cells [Brawley and Matunis, 2004].
In the wildtype situation germ cells contacting the hub are not expressing
bam (Fig. 16A,D). bam expression is usually detected from the second tier
of germ cells on in all spermatogonia (2- to 16- cell cysts) [Kiger et al., 2000].
It is absent from the germline stem cells and their immediate daughters, the
gonialblasts.
In both Sec6 (Fig. 16B,D) and Sec8 RNAi (Fig. 16C,D) multiple germ
cell cysts are in contact with the hub that start expressing bam. These germ
cells are obviously differentiating and prove that hub function is impaired.
Compared to the wildtype, where no bam expression is observed in the germ
cells contacting the hub, this number significantly increased to 27% (Sec6
RNAi, p<0.05) or 47% (Sec8 RNAi, p<0.001) of testes having differentiating
germ cells in contact to the hub (Fig. 16D). This clearly shows that the hub
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Figure 16: bam::GFP (green) is usually expressed in differentiating germ
cells away from the hub (A). In upd::Gal4, tub::Gal80ts (B,E) UAS::hpSec6
and (C,F) UAS::hpSec8 flies differentiating germ cells expressing bam::GFP
are in contact with the hub (arrowheads) after 8 days of RNAi induction.
(D) Quantification of the percentage of testes carrying differentiating germ
cells in contact to the hub showing an significant increase for Sec6 and Sec8
RNAi over wildtype levels. Fusoms (arrows) as another marker for differenti-
ating germ cells are also detected in (E) Sec6 RNAi and (F) Sec8 RNAi flies
in germ cells contacting the hub (arrowhead). Hub is marked in red (A-C:
DE-Cadherin; E,F: FasIII) and outlined by a dashed line. (E,F) Red signal
outside the hub area is Hts staining, which marks spectrosomes/fusomes (ar-
rows). Nuclei are stained by DAPI in cyan. Significance levels indicate *
p<0.05; *** p<0.001 by Fisher’s exact test. Scale bars equal 10 µm.
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cells without a functional exocyst complex are no longer able to maintain the
stem cells and underlines the importance of the localized activation in this
process.
Additionally we checked the structure of the fusome as another character-
istic of differentiating germ cells. The fusome is a germline specific organelle
that has a spherical morphology in germline stem cells (called spectrosome,
see also Fig. 17C) and a branched one in spermatogonia [Lin et al., 1994]. Dif-
ferentiated spermatogonia that come into contact with a functional hub (e.g.
in the context of dedifferentiation) will break the connections between the
cells and the fusome will disassemble into single spectrosomes again [Brawley
and Matunis, 2004]. Therefore the morphology of the fusome is a good ap-
proximate for the differentiation status of the germ cell and can be assessed
by the marker protein Hu-li tai shao (Hts).
Both in the Sec6 (Fig. 16E) and the Sec8 RNAi (Fig. 16F) background
germ cells expressing bam in contact to the hub can be found. These germ
cells contain branched fusomes (Fig. 16E,F) confirming the notion, that these
cells are differentiating and are not maintained as stem cells by the hub.
Complete exocyst knockdown is a quite harsh approach to study the role
of the exocyst complex. To prove the importance of the directionality of
exocyst mediated transport, we sought to impair directionality while leav-
ing the exocyst complex intact. Therefore we redirected exocyst transport
to the basolateral site. We used FasIII as a marker of the basolateral site
[Bras and Doren, 2006] and attached the N-terminal part of the fluorescent
protein Venus to it [Nagai et al., 2002]. In addition we tagged several pro-
teins involved in the recruitment of the exocyst to the site of exocytosis with
the C-terminal part of Venus. The self-assembly of the N- and C-terminal
part of Venus [Kodama and Hu, 2010] should then lead to a recruitment of
the exocyst to the basolateral instead of the apical site. Unfortunately the
affinity of the two parts of Venus for each other was too low to efficiently
redirect the exocyst (data not shown).
In summary, exocyst knockdown in the hub cells impairs the directed
transport of Dpp and DE-Cadherin and thereby also the maintenance of the
germline stem cells. Hence the localized transport of the signaling compo-
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Figure 17: The expression of stem cell and junctional markes in (A-
C) upd::Gal4, tub::Gal80ts control flies and (D-F) upd::Gal4, tub::Gal80ts;
UAS::hpDE-Cadherin testes was determined. (A,D) DE-Cadherin (ma-
genta) is depleted from the hub cells by DE-Cadherin RNAi while present
in controls. (B,E) bam::GFP (green) as a differentiation marker and the
junctional component Armadillo (red) show no difference between control and
RNAi. Nuclei are stained by DAPI (cyan). (C,F) The germline cells facing
the hub in both backgrounds have spectrosomes (arrows) characteristic for
germline stem cells marked by Hts (green) and normal distribution of DN-
Cadherin (red). Germ cells are stained by Vasa in blue. Hub is outlined by
a dashed line. Scale bars equal 10 µm.
nents via the exocyst is essential for stem cell maintenance.
DE-Cadherin itself has an important function in germline stem cells, as
it keeps the stem cells within the reach of the signals secreted from the
hub by forming adherens junctions towards hub cells [Voog et al., 2008]. We
wondered if the phenotype seen is rather due to the loss of DE-Cadherin than
to a defect in the directed transport. We obtained an UAS::hpDE-Cadherin
line from the Vienna Drosophila RNAi Center to test that. We induced RNAi
expression in the adult fly to deplete the hub cells of DE-Cadherin.
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In control cells DE-Cadherin is expressed in the hub (Fig. 17A), while
upon expression of DE-Cadherin RNAi it gets depleted from the hub cells
(Fig. 17D). Although DE-Cadherin is lost from the hub, differentiation mark-
ers are not turned on in the germ cells contacting the hub. bam expression
is off in the germline stem cells both in the control (Fig. 17B) and the
DE-Cadherin RNAi (Fig. 17E). Also the presence of a spectrosome indi-
cates that the germ cells contacting the hub in both control (Fig. 17C) and
DE-Cadherin RNAi (Fig. 17F) are actually stem cells.
The junctions between hub and stem cells can still be visualized using
other junctional proteins like Armadillo (Fig. 17B,E) and DN-Cadherin (Fig.
17C,F). The redundant role of DN-Cadherin and DE-Cadherin in the main-
tenance of the junctions might explain, why loss of DE-Cadherin in the hub
cells has no major effect on stem cell maintenance.
This confirms, that not DE-cadherin per se but rather the directed,
exocyst-mediated transport of Dpp and DE-Cadherin is essential for stem
cell maintenance. The exocyst is necessary to maintain the junctions and
the signaling interface. Once this directed transport is inhibited, stem cell
loss will be the result.
Chapter 3
Hh signaling in the testicular
niche
Hh signaling is one of the major pathways involved both in development
and disease. Since its discovery [Nüsslein-Volhard and Wieschaus, 1980] it
has been recognized as an essential factor for development and stem cell
maintenance in invertebrate and vertebrate systems [Tabata and Kornberg,
1994; Echelard et al., 1993; Zhang and Kalderon, 2001; Machold et al., 2003].
In the Drosophila ovary (Fig. 2) hh acts as a stem cell factor for follicle
stem cells (FSCs). Hedgehog is secreted from the terminal filament and cap
cells and has to diffuse over many cell diameters before reaching the FSC.
Loss of Hh signaling in the FSCs leads to a loss of the stem cells, while
overactivation causes duplication via excess proliferation [Forbes et al., 1996;
Zhang and Kalderon, 2000, 2001]. The only known Hh target in FSCs is the
pathway component ptc [Vied and Kalderon, 2009].
The Drosophila testicular niche houses two stem cell populations. Besides
germline stem cells also cyst stem cells (the somatic stem cells) reside in this
niche [Gönczy and DiNardo, 1996]. They are both competing for the the
same space within the niche and crossregulate each other [Issigonis et al.,
2009; Leatherman and DiNardo, 2010; Singh et al., 2010]. It is essential
for us to understand the exact role of the signaling pathways regulating each
stem cell population to understand the niche as a whole. General mechanisms
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in this niche will prove to be useful also beyond the Drosophila field.
It has been known for some time that hh is expressed in the larval hub
[Forbes et al., 1996] and that ptc drivers are active in CySCs in the testis
[Tazuke et al., 2002]. The role of Hh signaling in this system is however
unknown. We show here for the first time, that Hh is an essential niche
factor for the cyst stem cells, a cell population analogous to the somatic
support cells in Drosophila ovarian and the mammalian gonadal niches.
Part of the work was performed by Adam P. Kupiński (clonal analysis
in germline stem cells) and Isabel Raabe (Hedgehog overexpression in the
testis). I carried out the work on Notch pathway activation together with
Robert Witte, a diploma student under my supervision [Witte, 2012].
3.1 Components of the Hh pathway are ex-
pressed in the Drosophila testis
All the components need to be present in the niche to constitute a func-
tional pathway. A source has to secrete the ligand Hedgehog (Hh), while the
downstream components like the Hh receptor Patched (Ptc), the signal trans-
ducer Smoothened (Smo) and the transcription factor Cubitus interruptus
(Ci) have to be present in the receiving cell (Fig. 18).
hh expression has been noted before in the embryonic hub [Forbes et al.,
1996]. It is however unknown, if the expression persists in the adult fly. We
therefore characterized expression of the hh::LacZ reporter construct in the
adult testis. We could detect hh expression solely in the hub cells, proving
them to be the only source of Hh in the niche (Fig. 19A). We also checked
for the presence of Hh protein in the testis and could detect the majority of
it in the hub (Fig. 19B).
The secreted Hh ligand binds to its receptor Patched (Ptc) on the re-
ceiving cell (Fig. 18). It is an unusual receptor in that sense, as binding of
Hh actually represses Ptc activity [Ingham et al., 1991; Marigo et al., 1996].
Ptc further requires Interference Hedgehog (Ihog) or Brother of Ihog (Boi)
as a co-receptor to bind to Hh [Zheng et al., 2010; Camp et al., 2010]. In
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Figure 18: Model of the Hh pathway. (A) In the absence of Hh the trans-
membrane receptor Patched (Ptc) represses Smoothened (Smo), which leads
to the degradation of Cubitus interruptus (Ci) and consequently the repression
of target genes. (B) Binding of Hh to Ptc releases Smo from repression. This
leads to the stabilization and activation of Ci, which activates transcription
of target genes.
the absence of downstream components of the Hh pathway, Boi and possibly
also Ihog primarily sequester Hh and thereby limit its range [Hartman et al.,
2010].
We used the ptc::LacZ reporter construct to detect ptc expression in the
niche [Struhl et al., 1997]. The expression of ptc::LacZ is limited to the
CySCs/CyCs close to the hub (Fig. 19C). As the cyst stem cells are residing
next to the germline stem cells directly at the hub [Gönczy and DiNardo,
1996], it is reasonable to assume that the cells positive for ptc::LacZ are
actually cyst stem cells and their immediate progeny. Staining directly for
the Ptc protein reveals that the expression pattern is much more restricted to
the CySCs directly at the hub (Fig. 19D). The expression of ptc::LacZ in the
CyCs is thereby probably due to protein perdurance of the β-Galactosidase.
Ptc is not only the receptor for Hh but also a transcriptional target of Hh
signaling [Chen and Struhl, 1996]. The expression of ptc in the cyst stem cells
therefore also suggests that the Hedgehog pathway is active in the cyst stem
cells. The vesicular distribution of Ptc in Fig. 19D is consistent with the role
of Ptc to sequester the Hh ligand in cells with active Hh signaling [Chen and
Struhl, 1996]. Furthermore, in responsive tissues Hh and Ptc colocalize to
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(A) hh::LacZ (B) Hh
(C) ptc::LacZ (D) Ptc
(E) Hh Ptc Hh, Ptc
Figure 19: (A) Expression of the hh::LacZ reporter construct (green) is
only detected in the hub. (B) Endogenous Hh protein (green) is detected in
the hub. (C) The ptc::LacZ reporter (green) expression is restricted to the
CySCs/CyCs intermingling with the germ cells (blue). (D) The Ptc protein
(green) is present in a vesicular pattern (arrows) in the cyst stem cells. Nuclei
of CySCs/CyCs are labeled red in (D). (E) Ptc (magenta) and Hh (green)
colocalize in endocytic vesicles (arrows). Vasa labeling the germ cells is shown
in blue (A,C,D). The hub is labeled by DE-Cadherin in red or outlined by a
dashed line. Scale bars equal 10 µm.
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the same endocytic compartment [Strutt et al., 2001], which we also observe
in the cyst stem cells (Fig. 19E). It has been noted before that ptc::Gal4
drives expression in CySCs [Tazuke et al., 2002]. We could confirm a pattern
similar to ptc::LacZ (Fig. 20A).
The downstream effector of Hh is smoothened (smo) (Fig. 18). smo en-
codes a g-protein-coupled receptor, that is repressed by Ptc. Upon binding of
Hh to Ptc, Smo is released from this repression. Ptc probably does not exert
its repressive effect directly by binding to Smo but rather in an enzymatic
way [Taipale et al., 2002]. We could detect Smoothened protein in the cyst
stem cells (Fig. 20B), arguing that they are in principle able to transduce
(A) ptc::Gal4 (B) Smo
(C) ci::GFP (D) ci::GFP
Figure 20: (A) ptc::Gal4 (green) expression is detected by a nuclear RFP
(green) in cyst stem cells (B) Smo protein (green) is detected in the cyst
stem cells interspersing with the germ stem cells. (C) ci::GFP (green) is
expressed in the anterior compartment of the wing disc as expected. (D)
ci::GFP (green) is expressed only in the cyst stem cells residing between the
germline stem cells. The hub and the germline stem cells are outlined by a
dashed line (B,D). DE-Cadherin labeling the hub is shown in red (A,B,D) or
in blue (C) to outline the wing disc. Vasa labeling the germ cells is shown in
blue (A,B,D). Scale bars equal 10 µm besides 50 µm in (C).
42
the signal.
Cubitus interruptus (Ci) is the transcription factor of the Hh pathway
[Alexandre et al., 1996] (Fig. 18). In the absence of Hh and inhibition of
Smo activity, Costal 2 recruits a complex that leads to the phosphorylation
and consequent degradation of Ci. Activated Smo leads to the dissociation
of the complex and hence to the stabilization of Ci. The full-length form
of Ci then acts as a transcriptional activator [Ingham et al., 2011]. We
used the protein trap line ci::GFP [Quiñones-Coello et al., 2007] to assess
ci expression in the testis. We first confirmed the expression pattern in the
anterior compartment of the wing disc (Fig. 20C, Schwartz et al. [1995]).
Turning the attention to the fly testis again, we saw a strong signal largely
limited to the cyst stem cells (Fig. 20D), as recently confirmed by DiNardo
et al. [2011].
Both the transcription and protein stability of Ci and Smo are regulated
to modulate Hedgehog responsiveness [Eaton and Kornberg, 1990; Sun and
Deng, 2007; Denef et al., 2000; Ruel et al., 2003]. The presence of both
proteins in the cyst stem cells therefore strongly argues for an active Hh
pathway in these cells.
All the essential pathway components are expressed in the testis. The
expression pattern suggests a model, where the Hh ligand is secreted from
the hub cells to the cyst stem cells as receiving cells.
3.2 Systemic loss of Hedgehog decreases stem
cell number
We used the temperature sensitive hh allele hhts2 to study the role of Hh in
the adult fly. The allele has a very mild loss of function phenotype at the
permissive temperature of 18 ℃ and behaves as a null allele at a restrictive
temperature above 29 ℃ [Ma et al., 1993]. To specifically inactivate Hh
function in the adult, we let the fly develop normally to adulthood at the
permissive temperature and inactivated Hh in the adult fly by shifting the
fly to the restrictive temperature. This approach has been employed before
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to study the role of Hh signaling [Denef et al., 2000; Besse et al., 2002].
We used Zinc finger homeodomain 1 (Zfh1) as a CySC marker [Leather-
man and DiNardo, 2010; Cheng et al., 2011] and Eyes absent (Eya) as a
marker for differentiated CyCs [Sheng et al., 2009; Joti et al., 2011] to deter-
mine the effect of the hhts2 mutation on the CySCs. Heterozygous hhts2/TM3
siblings taken as controls [Ma et al., 1993; Denef et al., 2000] contained both
cyst stem cells and differentiated cyst cells (Fig. 21A). hhts2 mutant flies
showed a decreased number of CySCs compared to their heterozygous con-
trols after shifting them to the restrictive temperature, nevertheless no com-
plete loss could be observed (Fig. 21B). Quantification of the number of
Zfh1-positive cells over a time course of 10 days at the restrictive temper-
ature (30 ℃) shows a significant drop of the cyst stem cell number of the
hhts2 mutant compared to the heterozygous controls (Fig. 21C; after 3d at
30 ℃ in hhts2 14.9 ± 3.2 cyst stem cells are present compared to 25.9 ± 4.7
in the heterozygous controls; 6d 14.5 ± 8.5 versus 26.2 ± 4.5; 10d 13.9 ±
8.0 versus 23.5 ± 9.1). The difference is not apparent before the tempera-
ture shift (Fig. 21C; 19.1 ± 5.3 cyst stem cells in hhts2 and 24.6 ± 5.1 in
the controls, p=0.3808 by ANOVA) and after prolonged incubation at the
permissive temperature of 18 ℃ (Fig. 21C; 20.2 ± 5.0 for hhts2 compared
to 22.1 ± 4.2 for the controls, p=0.9977 by ANOVA). The loss of CySCs is
therefore due to the inactivation of Hh in the adult.
To assure that the decrease in CySC number is not a secondary effect
caused by other alteration in the testis, we checked the integrity of the hub
as the main source of stem cell factors. We took the area of a midsection
through the hub as a measure for its integrity (Fig. 21D). We could not detect
any difference in hub size between the hhts2 and their heterozygous siblings
at any time point. We, however, noted that the hub size increased over the
time course in both hhts2 and controls (0d at 30 ℃: 65 µm2, 3d: 88 µm2,
6d: 108 µm2, 10d: 110 µm2 and after 13d at 18 ℃: 85 µm2). Nevertheless,
a compromised hub is not the explanation for the decrease in cyst stem cell
number, as no difference between hhts2 and controls occurred.
We also checked the effect of Hh inactivation on the germline stem cells.
Germline stem cells were identified as germline cells expressing Vasa which
44
0
5
1
0
1
5
2
0
G
S
C
 n
u
m
b
e
r
9d 16d
*
**
0
1
0
2
0
3
0
4
0
Days at indicated temperature
N
u
m
b
e
r 
o
f 
Z
fh
1
-p
o
si
ti
v
e
 c
e
ll
s
0 3 6 10 13
n.s.
***
***
*
n.s.
Restrictive
Temperature
Permissive
Temperature
0
5
0
1
0
0
1
5
0
2
0
0
Days at indicated temperature
H
u
b
 a
re
a
 in
 
m
2
Restrictive
Temperature
0 3 6 10 13
Permissive
Temperature
Permissive
Temperature
Restrictive
Temperature
(A) hhts2/TM3 (B) hhts2/hhts2
(C) (D)
(E) hhts2/TM3 (F) hhts2/hhts2 (G)
Figure 21: (A,B) Expression of Zfh1 (cyan) and Eya (magenta) is shown
for (A) hhts2/TM3 and (B) hhts2/hhts2 testes after 3 days at the restric-
tive temperature of 30 ℃. (C,D) Quantification of (C) the number of Zfh1-
positive cells per testis and (D) the area of a midsection through the hub over a
time course of 10 days at the restrictive temperature (30 ℃) or 13 days at the
permissive temperature (18 ℃). Values are plotted as box plots (hhts2/TM3 as
grey and hhts2/hhts2 as white box for each time point). (E,F) Germline stem
cells (arrowheads) are still present after 9 days at the restrictive temperature
in both (E) hhts2/TM3 and (F) hhts2/hhts2. (G) Quantification of the number
of germline stem cells comparing hhts2/TM3 (grey box) and hhts2/hhts2 (white
boxes). The hub is marked by DE-Cadherin (A,B,E,F: red) and germline cells
are labeled by Vasa (E,F: blue). Scale bars equal 10 µm. Significance levels
indicate n.s. p>0.05; * p<0.05; ** p<0.01; *** p<0.001 by ANOVA.
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are in contact to the hub. In heterozygous controls germline stem cells can
be detected in wildtype numbers (Fig. 21E). In hhts2 mutant flies only a
reduced number of germline stem cells is present in the testis (Fig. 21F).
Quantification of the total number of germline stem cells per testis shows a
significant reduction in germline stem cell numbers in hhts2 both compared
to their heterozygous siblings and to the hhts2 maintained at the permissive
temperature (Fig. 21G).
In hhts2 mutant flies the number of both cyst and germline stem cells is
reduced to 59% and 76% of the control levels, respectively. Due to the mutual
dependence of the 2 stem cell population, effects on one stem cell population
will also affect the other [Hardy et al., 1979; Leatherman and DiNardo, 2010].
Therefore we are unable to decide if Hh is required directly in CySCs, GSCs
or both based on the systemic loss of function data, although we can clearly
see that Hh plays a role in stem cell maintenance.
3.3 Hedgehog signaling is cell autonomously
required in cyst stem cells
We performed mosaic analysis with a repressible cell marker (MARCM) [Lee
and Luo, 1999] in the testis to address this issue. MARCM enables us to
create and analyze mutant cells/clones in an otherwise wildtype tissue (Fig.
22). We can thereby address the question of the cell autonomous role of Hh
signaling. Several advantages of the system aid in the analysis.
First, we can specifically mark clones using the CySCs/CyCs specific
c587::Gal4 line [Kawase et al., 2004], an approach used before to create and
mark clones [Singh et al., 2010]. Second, only CySCs but not the CyCs are
mitotic [Cheng et al., 2011]. All the mutant MARCM clones must thus have
arosen from a cyst stem cell.
Third, mutants both activating or inhibiting Hh signaling are available to
analyze the pathway in the testis. smo3 is an amorphic allele of smo carrying
a premature stop codon [Nüsslein-Volhard and Wieschaus, 1980; Chen and
Struhl, 1998]. It constitutes a null allele of the positive Hh pathway regulator
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Figure 22: Principle of MARCM. Flippase catalyzes DNA exchange. After
mitosis one cell homozygous for the mutation and one homozygous for the
repressor can arise. The mutant cell is therein easily identify-able by the
expression of the marker (either GFP or RFP in our case).
smo and smo3 mutant cells therefore cannot activate Hh signaling. ptcIIw
(ptc16) on the other hand is an amorphic allele of ptc carrying a premature
stop codon [Nüsslein-Volhard and Wieschaus, 1980; Strutt et al., 2001]. It
thereby is a null allele of the negative pathway regulator ptc and ptcIIw mutant
cells show constitutively activated Hh signaling. Both, smo3 and ptcIIw, are
commonly used in Hh pathway analysis [Khaliullina et al., 2009; Chou et al.,
2010].
Fourth, the cyst stem cells are essentially unipotent forming only the
cyst cells enveloping the developing cyst of germline stem cells. Although
it has been claimed that a minor fraction might be able to form hub cells,
no definitive proof has been shown [Voog et al., 2008; Cheng et al., 2011].
It is nevertheless clear, that the vast majority cyst stem cells will form only
cyst cells. Fifth, only 3 cell types and their stem cells are present in the
testis: hub, germline and cyst cells [Hardy et al., 1979]. They can be readily
identified via several cell type specific markers. The distinction between cyst
cells and cyst stem cells and further germline cells and germline stem cells
can than be easily done from examining the contact to the hub cells, as only
the stem cells are in contact with the hub [Cheng et al., 2011; Wang et al.,
2006]. Sixth, one has to bear in mind that the identification of classical clones
(group of cells descending from one single cell) is impossible in this system,
because cyst stem cells show mostly asymmetric division giving rise to one
cyst stem cell and one cyst cell [Cheng et al., 2011]. The cyst stem cell stays
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at the hub, while the cyst cell will move away together with the cyst. Cells
from one clone are therefore not connected and cannot easily be identified as
descendants of one cell. Hence we actually quantify cells but not clones per
se.
We used two different approaches to mark the clones. In the standard
MARCM setup we used tub::Gal4 UAS::CD8-GFP to visualize the outlines of
the cells. Using this approach we could identify cyst stem cell clones by being
negative for the germline marker Vasa and having contact with the hub cells.
A similar approach to identify cyst stem cell clones was used previously by
Cherry and Matunis [2010]. In a second approach we employed c587::Gal4
UAS::nls-RFP (RedStinger) to specifically mark the nuclei of CySC/CyC
clones. A similar approach was used by Singh et al. [2010]. Cyst stem cell
clones were identified as clones in the first tier of the CySCs/CyCs [DiNardo
et al., 2011]. We used arm::LacZ on the respective FRT chromosome as
controls, that were treated in parallel to the mutant clones. To quantify the
effect of the clones we determined the fraction of testes, that carries one or
more cyst stem clones as also done in Leatherman and DiNardo [2008].
With both labeling strategies we could detect cyst stem cell clones in the
controls (Fig. 23A-D). Clones contacting the hub (Fig. 23B,D) and present
in the first tier of somatic cells (Fig. 23A,C) represent cyst stem cell clones.
Clones were induced in a similar number and preserved over the timecourse
in a similar manner for all the controls (Fig. 23A-D).
In smo3 mutant clones we observed far less cyst stem cell clones (Fig.
23E,F,I,J). Already 2d after clone induction (ACI) a significant decrease of
testes carrying cyst stem cell clones is observed compared to controls (CD8-
GFP marked CySCs: 10.1% ± 8.8% in smo3 versus 67.6% ± 4.6% in controls;
nls-RFP: 35.1% ± 9.2% versus 68.3% ± 2.7%). This difference is even more
pronounced 3d ACI (CD8-GFP marked CySCs: 4.0% ± 8.9% in smo3 versus
61.1% ± 13.0% in controls; nls-RFP: 5.6% ± 9.6% versus 85.7% ± 9.6%).
Induction rates were similar between controls and smo3 clones (Fig. 23M,N).
The seemingly lower induction rate for smo3 clones 3d ACI marked by CD8-
GFP (Fig. 23N) is likely an artifact created by the fast disappearance of
smo3 clones from the testis.
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Figure 23: (A-H) MARCM clones (green) 3d after clone induction. smo3
(E,F) and the respective controls (A,B) and ptcIIw (G,H) and their respective
controls (C,D) are shown. They are labeled either by CD8-GFP (B,D,F,H)
or by nls-RFP (A,C,E,G) in green. Arrows point at cyst stem cell clones.
DE-Cadherin (red) labels the hub and Vasa (blue) the germ cells. Scale bars
equal 10 µm. (I-L) Quantification of the fraction of testes carrying cyst
stem clones over a time course of 3 days. Cyst stem cell clones are defined
as CySCs located in the first tier of cells (for nls-RFP) or by processes they
form towards the hub (for CD8-GFP). (M-P) Induction rates based on the
presence of clones in general in the testes. Values are ploted as mean ±
standard deviation. Control clones are shown as grey and mutant clones as
white bars. Significance levels indicate * p<0.05; ** p<0.01; *** p<0.001
by Student’s t test. nd=not done, ACI=after clone induction
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ptcIIw clones, that activate Hedgehog signaling, are maintained in the
stem cell compartment (Fig. 23G,H). Stem cell clones contacting the hub
(Fig. 23H) or residing in the first tier of CySCs/CyCs (Fig. 23G) are still
present 3d ACI. No significant difference between control and ptcIIw clones
was observed (Fig. 23K,L) and both labeling system showed the same in-
duction rates between control and ptcIIw clones (Fig. 23O,P). It nevertheless
becomes apparent, that activating the Hedgehog pathway by the ptcIIw mu-
tation increases clonal cell number compared to controls (Fig. 23C,G).
The obvious increase of clones between 1d and 2d ACI is a phenomenon
observed by us and others (Fig. 23I-P) [Leatherman and DiNardo, 2008]. It
is probably due to two aspects: First the cell cycle length of the CySCs is
coupled to that of the GSCs and therefore about 1d [Sheng and Matunis,
2011]. To create the clones, the cell has to go through G2 and M phase,
which could therefore last up to 1d. Second, the time hereafter needed to
degrade the Gal80 protein and to accumulate GFP or RFP adds up to the
delay until clones can be observed.
We could show here that inhibiting Hedgehog signaling by the smo3 mu-
tation leads to a loss of cyst stem cells. In agreement with that, activating
Hedgehog signaling by the ptcIIw mutation maintains the cyst stem cells.
Hedgehog signaling is therefore cell autonomously required for cyst stem cell
maintenance. Does it also play a role in germline stem cell maintenance?
The tub::Gal4 UAS::CD8-GFP did not faithfully label germline stem cells
in our hands. Also the c587::Gal4 UAS::nls-RFP is not suitable to mark
germline stem cell clones. We therefore used a different tub::Gal4 line and
UAS::nls-GFP to label germ cell MARCM clones [DiNardo et al., 2011].
Germline stem cell clones were identified by three characteristics: the ex-
pression of Vasa classifying them as germline cells, the proximity to the hub
identifying these cell as stem cells and the expression of nuclear GFP marking
them as clones. This setup allowed us to reproducibly label germline stem
cells.
We checked the persistence of germline stem cell clones at a late time
point (3d ACI), when most of the smo3 cyst stem cell clones were already lost
from the stem cell compartment. In the controls, germline stem cell clones
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Figure 24: (A-D) MARCM clones (green) 3d after clone induction labeled
by nls-GFP. In all 4 conditions germline stem cell clones can be observed (ar-
rows). Arrowheads point at clones in cyst stem cells, which are also observed.
Hub is outlined by a dashed line. Vasa (blue) labels the germ cells. Scale bars
equal 10 µm. (E) Quantification of the number of germline stem cell clones
per testis 3d after clone induction. No significant difference between control
(arm::LacZ) and mutant clones is observed. Values are ploted as box plots
with n being the number of testes counted. Control clones are shown as grey
and mutant clones as white boxes. n.s.=not significant
were readily detected at this time point (Fig. 24A,C). More importantly,
both smo3 and ptcIIw GSC clones could be easily identified 3d ACI (Fig.
24B,D). Quantifying the absolute number of GSC clones per testis reveals
no difference between mutant and control clones (Fig. 24E). On average 2.6
smo3 GSC clones per testis were present compared to 1.7 in the corresponding
controls. Also for the ptcIIw mutation no significant difference was detected,
counting 1.0 GSC clones per testis compared to 1.6 in the controls.
Taken together these results show, that Hh signaling is cell autonomously
required in cyst stem cells but dispensable for germline stem cells. While
control and mutant clones were induced at the same levels, only smo3 cyst
stem clones are lost from the stem cell compartment. ptcIIw clones persisted
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in the stem cell compartment.
3.4 Stem cell character of the clonal cells
So far we identified CySCs by morphology and/or location of the cells relative
to the hub as done by numerous studies before [Cherry and Matunis, 2010;
DiNardo et al., 2011]. Another marker for cyst stem cells and their immediate
progeny is Zfh1 (see Fig. 25A for wildtype expression), which is required for
cyst stem cell maintenance [Leatherman and DiNardo, 2008] and routinely
used as a cyst stem cell marker [Leatherman and DiNardo, 2010; Cheng et al.,
2011]. We therefore sought to confirm our results by using the CySC marker
Zfh1.
If not stated otherwise, we will from now on always use c587::Gal4 UAS::nls-
RFP to label clones, as it faithfully labels the CySC/CyC clones and eases
quantification (see Fig. 23A,C,E,G).
In control clones Zfh1-positive clonal cells can be detected 3d ACI (Fig.
25A,C). Control clonal cells are therefore contributing to the cyst stem cell
pool as expected. smo3 clonal cells instead do not express Zfh1, proving that
they are loosing their stem cell identity (Fig. 25B), while ptcIIw clonal cells
express Zfh1 (Fig. 25D). This is consistent with our previous findings based
on morphology and location, stating that Hh signaling is essential in a cell
autonomous fashion to maintain cyst stem cells.
We are now also able to quantify the number of the clonal cyst stem cells
in the different backgrounds over the time course of 3 days (Fig. 26A,B).
Already 2d ACI the number of smo3 cyst stem cells is significantly lower
than in the controls (0.6 ± 1.2 in smo3 versus 4.4 ± 2.9 in controls, p<0.001
by Student’s t test; Fig. 26A). This difference is even more pronounced after
3 days, when virtually no smo3 cyst stem cells were left (0.0 ± 0.3 versus 6.6
± 5.6, p<0.001; Fig. 26A).
ptcIIw clones show an increase in the number of clonal cyst stem cells
compared to their controls (Fig. 26B). Already 2d ACI an increased number
of Zfh1-positive, clonal cyst stem cells is detectable compared to controls
(7.5 ± 4.0 in ptcIIw versus 2.6 ± 2.5 in controls, p<0.001 by Student’s t test;
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Figure 25: (A-D) Expression of the cyst stem cell marker Zfh1 (cyan) in
clonal cells (green) is shown. (A) FRT40A control clones, (B) FRT40A smo3
clones, (C) FRT42D control clones and (D) FRT42D ptcIIw clones. In all
the genetic backgrounds besides the smo3, clonal cells expressing Zfh1 can be
observed (arrows). Images are taken 3 days after clone induction. The hub
is marked by DE-Cadherin (red). Scale bars equal 10 µm.
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Fig. 26B). Also 3d ACI approximately threefold more clonal cyst stem cells
are detected for ptcIIw than for control clones (19.7 ± 11.8 versus 6.2 ± 4.4,
p<0.001; Fig. 26B).
The number of clonal CySCs increases in ptcIIw compared to control
clones (Fig. 26B). Does the total number of ptcIIw clonal cells, consisting
of clonal CyCs and CySCs, increase proportional to the number of ptcIIw
clonal CySCs? To answer this question, we determined the fraction of clonal
CySCs at 3d ACI (Fig. 26C). While only 35% of the control clonal cells
are CySCs, at the same time 68% of the ptcIIw clonal cells are CySCs. This
argues that active Hh signaling promotes the CySC fate relative to the dif-
ferentiated CyC state and that the increase of the total cell number is mostly
due to an increased number of clonal CySCs.
The analysis using the cyst stem cell marker Zfh1 confirmed our findings
that Hh signaling is essential for cyst stem cell maintenance. Inhibiting
Hh signaling led to a loss of cyst stem cells, while activating Hh signaling
via ptcIIw was able to increase the stem cell compartment, both in absolute
number and relative to the differentiated cyst cells.
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Figure 26: (A,B) Total number of clonal cells per testis expressing the
cyst stem cell marker Zfh1 are shown for (A) smo3 and (B) ptcIIw clones to-
gether with the corresponding controls over a time course of 3 days. (C) The
fraction of clonal cells that express Zfh1 3 days after clone induction. ptcIIw
clones have a higher fraction of Zfh1 expressing cells than the corresponding
controls. Values are ploted as box plots with n being the number of testes
counted or as bar plots representing mean and standard deviation. Control
clones are shown as grey and mutant clones as white boxes. Significance
levels indicate *** p<0.001 by Student’s t test. ACI=after clone induction.
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3.5 smo3 cells are lost by differentiation
We could show that smo3 clones are lost from the cyst stem cell compart-
ment. It is however unclear, what happens to the clones after they exit the
stem cell compartment. They could either undergo apoptosis or differenti-
ate. Answering this question would also tell us, if Hh signaling is required or
dispensable for differentiation.
To determine the ability of the clonal cells to differentiate, we checked
several properties of differentiating cyst cells. First, the expression of the
transcription factor eyes absent (eya), which is a necessary but not sufficient
factor for spermatocyte development [Fabrizio et al., 2003]. Eya is usually
switched on in late cyst cells and is often used as a marker for differentiated
cyst cells [Sheng et al., 2009; Joti et al., 2011]. Another characteristic of
differentiated cyst cells is that they enclose a developing cyst [Hardy et al.,
1979; Li et al., 2003]. Finally, also the distance from the hub can be taken as
a measure as differentiated cyst cells will be located further away from the
hub than cyst stem cells [Papagiannouli and Mechler, 2009; DiNardo et al.,
2011].
In control clones, clonal cells both expressing and not expressing Eya can
be found (Fig. 27A). Stating that as expected control clonal cells are able
to switch on the differentiation factor Eya and mature into cyst cells. In
smo3 clones hardly any clonal cells negative for Eya are present (Fig. 27B).
Most of the clonal cells are instead expressing Eya, arguing that these are
functional cyst cells that have differentiated.
Both ptcIIw and the corresponding control clones contain differentiated
and not differentiated clonal cells (Fig. 27C,D). It is quite surprising, that
differentiated ptcIIw clonal cyst cells are present. This implies that ectopic
Hh signaling is not able to suppress differentiation, and cyst cells with cell
autonomous activation of Hh signaling are still able to differentiate.
Quantification of the differentiation status of all clonal cells by their Eya
expression shows a different distribution for control and smo3 clones (Fig.
27E). Only 78% of all control clonal cells but 99% of all smo3 clonal cells
differentiated (p<0.001 by Fisher’s exact test). Furthermore control clones
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Figure 27: (A-D) The differentiation status of clonal cells (green) is de-
tected 3d ACI by staining for Eyes absent (Eya) as a marker of differentiated
cyst cells in magenta. Clonal cells cells expressing (arrow) or not express-
ing (arrowhead) Eya can be detected in all clones. (E,F) Quantification of
the differentiation status of (E) smo3 and (F) ptcIIw clonal cells and their
respective controls 3d ACI. Each point represents one clonal cell. Their dis-
tance from the hub is plotted as y and their differentiation status as color
(red=not differentiated, black=differentiated). n equals the number of testes
counted. (G,H) Functional differentiated cyst cells engulfing a germline cyst
are present in both clones (arrow). (G) Single section, (H) z-projection of
4 sections. (I,J) Histogramm showing the distance distribution of all (I)
control clonal cells and (J) smo3 clonal cells from the hub. Striped bars show
the distribution 2d ACI and bars without stripes 3d ACI. Control clones are
shown as grey and smo3 clones as white bars. The hub is marked by DE-
Cadherin (red) and germline cells by Vasa (blue). Scale bars equal 10 µm.
ACI=after clone induction.
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harbor more cells than smo3 clones, a result of the differentiation of all smo3
cyst stem cells (Fig. 27E). In ptcIIw clones (Fig. 27F) the differentiated
fraction is roughly the same as in the controls (control 77%, ptcIIw 72%,
p=0.295 by Fisher’s exact test).
To investigate the encystment of the germline cyst as another criterium of
differentiation, we turned to marking the clones with tub::Gal4 UAS::CD8-
GFP. This enables us to see the outlines of the cyst cell, which is engulfing
a germline cyst. ptcIIw clonal cyst cells surrounding a 4- and an 8-cell cyst
at 3d ACI can be seen (Fig. 27G). Obviously ptcIIw clones are able to form
a functional cyst cell surrounding a germline cyst. smo3 clonal cyst cells
encysting a 4-cell cyst are also present proving their functionality (Fig. 27H).
Finally we checked the distance distribution of all clonal cells comparing
2d and 3d ACI for control and smo3 clones (Fig. 27I,J). Control clonal
cells show a marginal shift of the distribution towards larger distances (Fig.
27I, p<0.05 by two-sample Kolmogorov-Smirnov test). The mean distance
of control clonal cells at 2d ACI is 18.6 µm ± 8.1 µm and 22.0 µm ± 10.9
µm at 3d ACI. The difference is probably due to the time the clones need
to spread through the testis, as they are induced only within the cyst stem
cells and need some time to reach positions further away and a steady state
distribution.
The distance distribution of smo3 clones shifts to greater distances over
time (Fig. 27J, p<0.001 by two-sample Kolmogorov-Smirnov test). The
mean distance of smo3 clonal cells increases from 20.8 µm ± 6.8 µm at 2d
ACI to 29.9 µm ± 10.1 µm at 3d ACI. The smo3 clonal cells are moving
away from the hub, while at the same time loosing the expression of Zfh1
and gaining Eya (see also Fig. 26A, 27E). It is reasonable to assume that
this shift is caused by differentiation of the clonal cells.
In summary, cell autonomous inhibition of Hh signaling leads to the
differentiation of cyst stem cells. These differentiated cyst cells are fully
functional and express the differentiation marker Eya. Also cells with cell
autonomous activation of Hh signaling are still able to differentiate. Hh sig-
naling is thereby not able to suppress differentiation and appears to be not
sufficient but necessary for stem cell maintenance.
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3.6 ptcIIw clonal cells have an increased mi-
totic index
Clones with activated Hh signaling have an increased number of clonal CySCs.
It is reasonable to assume, that Hh signaling might be able to cell au-
tonomously activate proliferation and thereby increase the cell number. Such
a proliferative effect of Hh was also shown for the follicle stem cells in the
Drosophila ovary [Zhang and Kalderon, 2001].
We used the phosphorylation of serine 10 (Ser10) in histone H3 as a his-
tone mark for mitotic cells. Serine 10 is phosphorylated in late interphase and
dephosphorylated before chromosome decondensation in telophase [Hendzel
et al., 1997]. It faithfully labels cells in mitosis and is widely used to detect
mitotic cells [Morris and Spradling, 2011; Parrott et al., 2012].
In wildtype testes, mitosis is limited to germline cells and cyst stem cells
[Cheng et al., 2011]. Consistent with that mitosis in control clones is limited
to clonal cells located close to the hub resembling cyst stem cells (Fig. 28A).
The mitotic cells detected away from the hub are mitotic germ cells, which
are going through further rounds of mitosis to form a 16-cell-cyst [Hardy
et al., 1979].
In ptcIIw clones, however, mitotic clonal cells are also found far away from
the hub (Fig. 28B), while in control clones and outside of the ptcIIw clones
mitotic cells are always located close to the hub (Fig. 28A). The clonal
mitotic cell in the control clones in Fig. 28A is 9.7 µm away from the center
of the hub (radius of the hub being 5 µm). The clonal mitotic cell in the
ptcIIw clone in Fig. 28B is located much further out, being 26.9 µm away
from the center of the hub.
We quantified the number of mitotic clonal cells per testis over a time
course of 3 days and subdivided the clonal cells into cyst stem cells (CySCs)
and differentiated cyst cells (CyCs) based on their location relative to the hub
(Tab. 1). Clonal cells in contact with a germline stem cell were considered
to be CySCs, while clonal cells further away were considered to be CyCs.
In control clones no mitotic cells were found in the CyC population (Tab.
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Figure 28: (A,B) Clonal cells (green) in mitosis were detected by stain-
ing for phosphorylated histone H3 (Ser10) in magenta 3d ACI. In both (A)
control clones and (B) pctIIw clones clonal cells in mitosis were detected (ar-
row). (A) Single section, (B) z-projection of 6 sections. The hub is marked
by DE-Cadherin in red. Scale bars equal 10 µm. (C) The mitotic index of
the clones is calculated as the percentage of clonal cells that are positive for
phosphorylated H3 (Ser10) over a time course of 3 days. Each bar represents
3 independent experiments and at least 34 testes. Values are ploted as bar
plots representing mean and standard deviation with n being the total num-
ber of clonal cells counted. (D,E) Histogramm showing the distribution of
(D) control clonal cells and (E) ptcIIw clonal cells expressing Zfh1 over a
distance distribution from the hub. Striped bars show the distribution 2d ACI
and bars without stripes 3d ACI. Control clones are shown as grey and ptcIIw
clones as white bars. Significance levels indicate * p<0.05 by Student’s t test.
ACI=after clone induction.
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Table 1: Number of mitotic clonal cells 2d ACI/3d ACI
mitotic clonal cells per testis
CySC CyC
control clones 0.13/0.11 0.00/0.00
ptcIIw clones 0.44/0.52 0.09/0.43
1). This is consistent with the notion that CyC are not able to divide in the
wildtype testis. About 0.1 mitotic cells per testis were detected in the CySC
fractions (Tab. 1). Keeping in mind that the clones comprise just a fraction
of all CySCs, this number is consistent with previously published numbers,
stating on average 0.4 mitotic CySCs per testis [Inaba et al., 2011].
ptcIIw clones have more mitotic clonal cells per testis compared to controls.
0.44 or 0.52 mitotic clonal CySCs are detected 2d ACI or 3d ACI, respectively
(Tab. 1). This number is higher than in the corresponding control clones
which suggests a role for Hh signaling in stimulating proliferation. More
striking even is the difference for the CyCs that show no mitosis in control
clones. In ptcIIw, however, 0.09 or 0.43 mitotic clonal CyC are present 2d
ACI or 3d ACI, respectively (Tab. 1). Quantification of the mitotic index
of the clones (pooling mitotic CySCs and CyC) confirms the increase in
proliferation rates of ptcIIw versus control clones (Fig. 28C). Activated Hh
signaling is hence either able to activate proliferation of CyCs or it causes
expansion of the CySC compartment, leading to an expansion of mitotically
active cells (suggested in Fig. 25D). In conclusion activated Hh signaling
results in an increase in proliferation rates and in the induction of ectopic
proliferation.
We hypothesized that the expansion of the CySC compartment could
explain the ectopic proliferation. We therefore quantified the number of the
clonal cyst stem cells (Zfh1 expressing clonal cells) with respect to their
distance to the hub to verify this expansion. Taking the data set of Fig.
25 and 26 yields a histogram with the distance distribution of both control
and ptcIIw CySC clones 2d and 3d ACI (Fig. 28D,E). In contrast to the
histograms shown in Fig. 27I,J we now look only at clonal CySCs and not
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at all clonal cells.
The majority of the CySCs resides up to 15 µm away from the center of the
hub under wildtype conditions (Fig. 28D). The distribution of control clonal
CySCs is not shifted towards bigger distances at 3d ACI compared to 2d ACI
(p=0.994 by two-sample Kolmogorov-Smirnov test). The average distance of
the CySCs from the hub is also not increasing (12.2 µm at 2d ACI versus
11.1 µm at 3d ACI). The shift between 2d and 3d ACI observed before when
examining all clonal cells (Fig. 27I) is not apparent when examining only the
clonal cyst stem cells (Fig. 28D). This is consistent with the fact that clones
are induced in the cyst stem cells and the steady state distribution within
the stem cell compartment is therefore reached earlier than in all clonal cells.
The case is different for ptcIIw CySCs (Fig. 28E). Here the distribution is
clearly expanded towards greater distances at 3d ACI compared to 2d ACI
(p<0.001 by two-sample Kolmogorov-Smirnov test). The average distance of
CySCs from the hub increases from 16.5 µm 2d ACI to 20.6 µm 3d ACI.
Also the comparison of control and ptcIIw clonal cells at the same time
points shows a clear expansion of ptcIIw clonal CySCs towards bigger dis-
tances compared to the corresponding controls (p<0.001 by a two-sample
Kolmogorov-Smirnov test). The CySC compartment is clearly enlarged by
activating Hh signaling.
In conclusion, cell autonomous activation of Hh signaling results in in-
creased proliferation rates in the cyst stem cells. The activation of Hh sig-
naling, probably through increasing proliferation, also leads to an expansion
of the CySC compartment in the fly testis.
3.7 Overexpression of Hh increases the CySC
number and expands their range
We also sought to activate Hh signaling simultaneously in all CySCs/CyCs
to investigate its effect on the cyst stem cell compartment. We therefore
overexpressed the ligand Hh in the testis of the adult fly by two different
driver lines: hh::Gal4 and c587::Gal4 (see Fig. 29A,B for their expression
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domain).
Expression of Hh by both driver lines clearly increases the number of Zfh1
expressing cells (CySCs) compared to the levels in controls (Fig. 29C-E). The
number of CySCs increases to 39 ± 7 for hh::Gal4 (p<0.01 by ANOVA) and to
48 ± 10 for c587::Gal4 (p<0.001 by ANOVA). Different expression domains
of the Hh transgene hereby result in different increases in CySC number.
Although both driver lines show an equal number of CySCs in the controls
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Figure 29: (A,B) Expression domain (red, nuclear RFP) of (A) hh::Gal4
and (B) c587::Gal4 in the adult fly. The hub is outlined by a dashed line and
the whole testis by a green dotted line. (C) Quantification of the number
of Zfh1-positive cells per testis 5 days after induction of expression of GFP
(control, grey) or Hh (white) using either hh::Gal4 tub::Gal80ts or c587::Gal4
tub::Gal80ts as drivers. Values are plotted as box plots. (D,E) Expression
of Zfh1 (cyan) in (D) c587::Gal4 tub::Gal80ts UAS::GFP (control) and (E)
c587::Gal4 tub::Gal80ts UAS::Hh testes 5 days after induction of expression.
The ruler shows the average range of Zfh1 expressing cells within this geno-
type. The hub is marked by DE-Cadherin in red. (F) Range of Zfh1 express-
ing cells in the testis of flies overexpressing either UAS::GFP or UAS::Hh
with c587::Gal4 tub::Gal80ts 5 days after induction of expression. Scale bars
equal 20 µm. Significance levels indicate ** p<0.01; *** p<0.001 by ANOVA
(C) or Student’s t test (F).
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(hh::Gal4 29 ± 7 and c587::Gal4 24 ± 3, p=0.43 by ANOVA), overexpressing
Hh by c587::Gal4 yields a higher CySC number than by hh::Gal4 (p<0.01 by
ANOVA). hh::Gal4 drives Hh expression only from its endogenous source, the
hub cells (Fig. 29A). Expanding the expression to the cyst cells by using the
c587::Gal4 driver (Fig. 29B) increases the range of Hh and thereby creates
a stronger effect than hh::Gal4.
The increased range of Hh expression should also lead to an expansion
of the CySCs. We quantified the distance of the most distant Zfh1 express-
ing cell from the hub to measure the range of the CySCs (Fig. 29F). In
wildtype conditions CySCs are found up to 15 µm ± 3 µm away from the
hub (range is visualized in Fig. 29D). Upon ectopic expression of Hh using
the c587::Gal4 driver this range dramatically increases to 44 µm ± 7 µm
(p<0.001 by Student’s t test, visualized in Fig. 29E).
Taken together, the overexpression of Hh yields the opposite effect as the
loss of function using the hhts2 allele, consistent with our hypothesis that
Hh is essential for CySCs. We observe an increase in CySC number and an
expanded range when overexpressing Hh.
3.8 Hh and Jak/Stat signaling act in parallel
to regulate CySCs
In addition to Hedgehog also Jak/Stat signaling is essential for CySC main-
tenance in the Drosophila testis. It activates expression of its targets zfh1
and chinmo [Leatherman and DiNardo, 2008; Flaherty et al., 2010]. These
transcriptional repressors are essential to maintain stem cell character and
prevent differentiation. Comparable to the activation of Hh signaling also
activation of Jak/Stat signaling in all CySCs/CyCs causes the expansion of
the cyst stem cell compartment [Leatherman and DiNardo, 2008]. Due to the
similarity in the phenotype caused by both pathways, we performed epistasis
analysis of the two pathways.
We activated Hh signaling by overexpression of Hh and Jak/Stat signaling
by overexpression of a constitutively active version of the fly Janus kinase
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(A) control (B) UAS::HopTumL (C) UAS::Hh
(D) control (E) UAS::HopTumL (F) UAS::Hh
Figure 30: (A-C) ptc::LacZ (magenta) expression in c587::Gal4
tub::Gal80ts (A) control, (B) UAS::HopTumL or (C) UAS::Hh testes 5 days
after induction of expression. The expression of ptc::LacZ is only expanded
when overexpressing Hh. (D-F) upd::LacZ (yellow) expression in tj::Gal4
tub::Gal80ts (D) control, (E) UAS::HopTumL or (F) UAS::Hh testes 5 days
after induction of expression. upd expression is always limited to the hub
cells. The hub is outlined by a dashed line. Scale bars equal 10 µm.
Hopscotch (HopTumL) as described before [Leatherman and DiNardo, 2008].
We used two drivers, tj::Gal4 and c587::Gal4, to express the constructs in
the CySCs/CyCs. Both drivers have essentially the same expression pattern
in the testis (cyst stem cells and cyst cells), besides that the traffic jam (tj)
expression extends a bit further away from the hub than c587::Gal4 [Li et al.,
2003].
We determined ptc::LacZ expression as Hh signaling readout. In control
cells ptc::LacZ is limited to the hub and the cyst stem cells (Fig. 30A).
Expression of ptc::LacZ is not expanded upon overactivation of Jak/Stat
signaling (Fig. 30B), although the cyst stem cell compartment is expanded
[Leatherman and DiNardo, 2008]. Overexpression of Hh increases as expected
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the range of ptc::LacZ (Fig. 30C). In conclusion, Jak/Stat signaling is unable
to activate Hh signaling upstream of the activation of ptc expression.
We went on to check if Hh signaling might be able to expand the ex-
pression domain of the Jak/Stat ligand upd. In control testes upd is only
expressed in the hub cells (Fig. 30D). This expression domain is not ex-
panded upon overactivation of Jak/Stat signaling (Fig. 30E), stating that
there is no feedback regulation on the expression of the ligand. Also ex-
tended expression of Hh is not increasing the expression domain of upd (Fig.
30F), although cyst stem cell numbers are increased based on Zfh1 staining
in both backgrounds (not shown). Hh signaling is thereby not interacting
with Jak/Stat signaling by expanding the expression domain of upd.
Further work on the epistasis of the pathways is clearly necessary, while
work in other labs indicates that both pathways act in parallel (Erika Bach,
personal communication).
3.9 Notch signaling is involved in contact de-
pendence of cyst stem cells towards the
germline
Activation of both Hh and Jak/Stat signaling produces extra cyst stem cells
(our work and Leatherman and DiNardo [2008]). Although the number of
cyst stem cells increases in both situations, the extra cyst stem cells remain
in contact with germ cells (Fig. 31A-C).
We wondered which signal the cyst stem cells require from the germline
cells. A candidate for the contact dependent signal is the Notch pathway. It
is implicated in the development of the niche, but no role for Notch signaling
has been shown in the niche of the adult fly [Kitadate and Kobayashi, 2010],
although Notch and several components of the Notch pathway are present in
the adult testis [Xu et al., 1992; Terry et al., 2006].
Suppressor of Hairless (Su(H)) binds to the promoter region of Notch
targets and will depending on the Notch pathway activity initiate or repress
transcription [Furriols and Bray, 2001]. Fusion of the strong transactiva-
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Figure 31: (A-D) Testes with CySCs/CyCs labeled in yellow by Traffic
Jam (Tj) and germ cells labeled in magenta by Vasa are shown 5 days after
induction of expression. (A) control, (B) UAS::HopTumL, (C) UAS::Hh or
(D) UAS::Su(H)-VP16 was expressed using c587::Gal4 tub::Gal80ts. While
in (A-C) pretty much all CySCs/CyCs contact germ cells, in (D) big clus-
ters of CySCs/CyCs not contacting any germ cell are present (arrow). The
hub is outlined by a dashed line. Scale bars equal 10 µm. (E-F) Quan-
tification of the experiments from (A-D). Cells within a 10 µm window at
the given distance from the hub are analyzed. Values are plotted as mean
± standard deviation and each curve represents 4 to 5 testes of control (•),
UAS::HopTumL (•), UAS::Hh (•) and UAS::Su(H)-VP16 (•) overexpression.
(E) CySCs/CyCs number is dramatically increased in UAS::Su(H)-VP16 and
slightly in UAS::Hh and UAS::HopTumL compared to control. (F) The cluster-
ing of the CySCs/CyCs was quantified by ranking all cells in the surrounding
of a CySCs/CyCs according to their distance to this cell and taking the rank
of the closest germ cell. Besides for UAS::Su(H)-VP16 all show behavior as
the controls. For distances greater than 20 µm from the hub (vertical line) the
difference of the UAS::Su(H)-VP16 to the other curves is significant (p<0.05
by ANOVA).
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tion domain of the viral protein VP16 to Su(H) creates an activated version
of Su(H) that constitutively activates transcription of Notch target genes
[Cooper et al., 2000].
In contrast to activation of Hh or Jak/Stat signaling (Fig. 31B,C), ac-
tivation of Notch signaling by overexpression of Su(H)-VP16 produces big
clusters of CySCs/CyCs that have no apparent contact to germ cells (Fig.
31D). These clusters rather occur further away while the stem cell compart-
ment adjacent to the hub appears normal.
We analyzed the clustering of the CySCs/CyCs at different distances from
the hub to account for the position dependence of the phenotype. For each
distance value we analyzed the cells, that lay in a 10 µm window centered
around that distance. Quantification of the CySC/CyC number shows an
increase in all the experimental perturbations compared to the control (Fig.
31E).
We also quantified the clustering of the CySCs/CyCs. We therefore cre-
ated for every single CySC/CyC a list of all the cells in the testis sorted by
their distance to this single cell. The rank of the first germline cell within
this list is termed the ”rank of the closest germ cell” (Fig. 31F), e.g. 15
means, that the 14 closest cells to this CySC/CyC are CySCs/CyCs, while
the 15th closest cell is a germ cell.
Controls, UAS::HopTumL and UAS::Hh show no significant difference in
terms of clustering (Fig. 31F, p>0.05 by ANOVA). At a distance of 10 µm
from the hub they have a maximum in the clustering (controls have a rank of
2.6, UAS::HopTumL 3.2 and UAS::Hh 4.4). In this region the cyst stem cells
reside and due to the ongoing proliferation, cyst stem cells are in general
closer together, yet the clustering value is the highest. This value decreases
further out (at a distance of 40 µm from the hub: controls have a rank of
1.6, UAS::HopTumL 1.7 and UAS::Hh 2.1). The decrease is caused by the
cease of proliferation and the spread caused by their migration together with
the germline cyst. Concerning the clustering these three genotypes show the
same behavior.
That is clearly different for UAS::Su(H)-VP16. While in the stem cell
compartment (around 10 µm from the hub) it has a rank of 4.0, which is
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comparable to the others, it significantly increases later on (Fig. 31F). The
clustering increases up to a rank of 17.2 at a distance of 40 µm from the hub
(p<0.001 by ANOVA).
It appears that activation of the Notch pathway is able to circumvent the
strict dependence of the CySCs/CyCs on the germ cells. Future experiments
would have to determine the endogenous source of the Notch signal and its
exact role in the CySCs.
3.10 Hh targets in cyst stem cells
Hh signaling is an essential cue for cyst stem cells. It is however unknown,
what are the Hh targets in the cyst stem cells besides ptc. We therefore
predicted possible Hh targets via different bioinformatic approaches.
We performed a search for consensus Ci binding sites within the genome
of Drosophila [Kinzler and Vogelstein, 1990]. We found roughly 1150 Ci sites
in the genome. We further concentrated on Ci sites located close to each
other (within 400 bp), as the presence of multiple Ci binding sites has been
shown for enhancers of other Hh targets [Alexandre et al., 1996]. 12 regions
met this criterium, 10 containing two Ci sites and 2 containing three. For
the genes located within 5 kbp of these Ci binding sites (Tab. 2), we present
the orientation of the Ci sites, the relative position of the site to the gene
and the expression in the fly testis relative to the whole fly (according to
FlyAtlas [Chintapalli et al., 2007]).
Enhancers of Hh responsive genes are bound both by the activator and
the repressor form of Ci [Müller and Basler, 2000]. In a second approach we
therefore concentrated on genes located within 7 kbp distance of sites known
to be bound by the repressor form of Ci in the embryo [Biehs et al., 2010]. 86
of the 10,000 genes fulfilling this prerequisite were also expressed in the stem
cell compartment of the testis according to a data set produced by Terry et al.
[2006]. Further narrowing down the list by excluding the genes expressed in
germline stem cells according to Cash and Andrews [2012] results in a list of
62 genes (Tab. 3).
ptc as primary Hh target in the CySCs is not in the list. Terry et al.
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[2006] enrich for genes expressed in stem cell by overactivation of Jak/Stat
signaling and thereby bias the data set towards Jak/Stat targets, which ptc
clearly is not (see also Fig. 30B). The data set is still useful to detect shared
targets of both pathways. This is reasonable due to the functional similarities
of both pathways in CySC maintenance.
The list contains candidates known to be expressed in the hub (esg [Bras
and Doren, 2006]), in the germline cells (hts [Li et al., 2003]) or in both
hub and germline cells (Imp [Toledano et al., 2012]). Also genes known to
Table 2: Genes located close to predicted Ci binding sites.
Ci sites Target genes
Position of the Expression
Cytogenetic Orientation site relative testis versus
map of the sites Gene to the gene whole fly
5B – + IntS6 exon equal
CG32758 upstream down
11A – – Muc11A exon down
CR43960 intron n.d.
CG1950 upstream up
11A – – – CG32651 downstream up
CG2574 upstream up
36C + + CG15140 exon equal
CG6380 downstream up
44D – + + ptc upstream equal
49C – + sca upstream equal
64C – + Con intron down
CR43884 downstream n.d.
77A + – CG42674 intron equal
78A + – siz intron equal
84E + + CG18747 downstream equal
95A + – beat-IV intron down
CG10164 upstream up
100C – – pygo exon up
γCop downstream down
rod downstream down
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Table 3: Presumable Hh targets expressed in the cyst stem cells sorted by
their function.
Function Hh target genes
Transcritpion factors and ab agt bowl br
DNA/RNA binding proteins Caf1 cas Cdk8 Dref
enc esg Her HLHm3
Imp Mcm2 msl-3 noc
Trl zfh1
Cytoskeleton and spindle asp cno hts
Signaling pathways Gap1 miple2 mthl4 O-fut1
ogre pbl Pi3K21B Pvf1
Socs36E wg Wnt4 Wnt6
Cell Adhesion CadN Fas2 Tig
Others/Unknown fzy Hs6st nrv1 Ptp61F
sano
CG1136 CG1344 CG3448 CG4822
CG4858 CG5589 CG6234 CG7053
CG8157 CG8468 CG8965 CG9098
CG9628 CG10283 CG11436 CG11638
CG11883 CG14810 CG15484 CG31368
CG32365
be expressed in cyst stem cells are present: bowl [DiNardo et al., 2011],
wg [Schulz et al., 2002], zfh1 [Leatherman and DiNardo, 2008] and Socs36E
[Singh et al., 2010]. Interesting candidates with so far unknown roles in
cyst stem cells are canoe (cno) and abnormal spindle (asp), that regulate
correct positioning of the spindle [Speicher et al., 2008; Riparbelli et al.,
2002], a process essential for cyst stem cells [Cheng et al., 2011]. fizzy (fzy) as
cell cycle regulator might explain the increased proliferation rates observed
upon Hedgehog overactivation [Dawson et al., 1995]. Cdk8 [Fryer et al.,
2004], O-fut1 [Sasamura et al., 2007] and cno [Carmena et al., 2006] might
present possible interactions with the Notch pathway. Regulation of Socs36E
[Singh et al., 2010] or Ptp61F [Baeg et al., 2005], both known to be negative
regulators of Jak/Stat signaling in the CySCs [Issigonis and Matunis, 2012],
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could hint at an interaction with Jak/Stat signaling.
Clearly interesting targets are present in the list, but an experimental
verification of their Hh dependence in cyst stem cells is necessary.
Chapter 4
Discussion
4.1 The stem-cell-niche synapse
We were able to visualize activation of BMP signaling at a subcellular res-
olution in the context of the germline stem cell niche. Activation of BMP
signaling is locally restricted to the contact area between niche and stem
cells, which represents a novel way how stem cell factors are confined to the
cells within the niche. These foci coincided with adherens junctions between
hub and germ cells, resembling signaling synapses where signaling occurs.
To ensure proper activation of signaling at the junctions, the ligand Dpp
is cotransported with DE-Cadherin by the exocyst to these sites. Directed
transport by the exocyst complex thereby ensures both signaling and main-
tenance/establishment of the signaling synapse. This mode of activation is
essential for germline stem cell maintenance, as interfering with the trans-
port machinery leads to the upregulation of differentiation factors even in
cells still within the range of the niche (Fig. 32).
4.1.1 Cotransport of signaling and junctional molecules
We could show, that in the niche cells of the Drosophila GSC niche, the ex-
ocyst targets vesicles to the adherens junctions and thereby transports both
DE-Cadherin and Dpp to the site of exocytosis. A similar mechanism is
employed by Drosophila epithelial cells to transport/recycle DE-Cadherin to
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Figure 32: Model for BMP pathway activation in the germline stem cell
niche: 1) DE-Cadherin is recycled from the basolateral membranes into
Rab11-positive recycling endosomes. At this step or later there might be also
an input from the Golgi bringing newly synthesized proteins. 2) Sec15, a
component of the exocyst, interacts with Rab11 leading to vesicles budding
off, which are now targeted for secretion. These vesicles contain probably
both Dpp homodimers (filled black circles) and Dpp/Gbb heterodimers (one
filled, one empty circle). 3) By the interaction of Sec10, an exocyst compo-
nent bound to the adherens junction here formed by DE-Cadherin, with the
exocyst components on the vesicle, it is targeted to the secretion site. There it
both inserts new junctional components and secretes the ligands. The spread
of the ligand away from the site is further hampered by the presence of the
HSPG Dlp (Dally-like protein) on the hub cells. 4) In the receiving germline
stem cell (GSC), signaling is elicited, leading to formation of the receptor
heterotetramer and the activation of the transcription factor complex of Mad
(Mothers agains dpp) and Medea. This represses the differentiation factor
bam (bag of marples) and maintains the stem cell character.
the adherens junctions. Sec10, a component of the exocyst, targets the DE-
Cadherin-recycling vesicles to the sites of adherens junction by both binding
to Armadillo, an integral part of the junctions [Langevin et al., 2005], and
Sec15, which is interacting with Rab11 on recycling endosomes [Wu et al.,
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2005; Oztan et al., 2007]. We assume, the same mechanism might target
the exocyst to the adherens junctions in the hub cells. Accordingly, we also
see delivery of the vesicles to the adherens junctions and we also detect ac-
cumulation of Dpp and DE-Cadherin in Rab11 endosomes when impairing
the exocyst in our system. In addition this mechanism is not unique for
Drosophila. In fact exocyst function is greatly conserved and also mam-
malian epithelial cells use the exocyst to target vesicles to sites of cell-cell
adhesion [Grindstaff et al., 1998]. It appears to be a general mechanism used
to transport vesicles to the site of cell-cell contacts and might be employed
also by other niche cells.
In Wang et al. [2006] a second pathway involved in the formation of
junctions between hub and germline stem cells was described. The Rap-GEF
Gef26 is required in the hub cells to form the adherens junctions at the cell-
cell interface. Consistent with the role of Gef26 in DE-Cadherin transport
to the membrane we could show that in Gef26 mutant flies the targeting of
Dpp is impaired, although to a lesser extend then by impairing the exocyst
[Wang et al., 2006; Michel et al., 2011]. Both pathways are required for the
proper targeting of components to the signaling synapse. While the exocyst is
essential for transporting the components, Rap-GEFs are probably essential
for the formation of adherens junctions at cell-cell contacts. The GTPase
activated by the Rap-GEF in this context is Rap1 [Knox and Brown, 2002;
Wang et al., 2006]. Interestingly, the mammalian homologue of Rap1 is also
involved in remodeling adherens junctions of various cell types including stem
cells [Dubé et al., 2008; Niola et al., 2012]. It will be interesting to see if the
same mechanism also applies to niche cells that form the adherens junctions
with the stem cells [Zhang et al., 2003].
The new concept we describe here, suggests Dpp to be cotransported
along with DE-Cadherin via the same transport route. Exocyst function in
the context of signaling at a cell-cell interface was mostly found to be in-
volved in the formation of these structures by bringing adhesion molecules
and membrane there, as for example to neuromuscular junctions or photore-
ceptor terminals [Murthy et al., 2003; Mehta et al., 2005]. Although signaling
molecules were found to be transported to these sites by the exocyst [Inoue
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et al., 2003; Mehta et al., 2005], neurotransmitter secretion was not depen-
dent on the exocyst [Murthy et al., 2003; Mehta et al., 2005] nor was a
cotransport of signaling and junctional components reported in the steady
state. This difference compared to the situation in the niche cells could be a
result of the different environment. While photoreceptors or neurons/muscle
cells are terminally differentiated cells with relatively fixed structures, the
receiving cell in our system is a stem cell. Their characteristic to constantly
divide and self-renew creates a plastic environment with high turnover. This
requires a constant renewal of the signaling interface between the cells, which
might have facilitated the development of a cotransport of both ligand and
adhesion molecules. The principle components of the transport machinery
are indeed present in osteoblasts, which are the niche cells in contact to the
hematopoietic stem cells (HSC) [Bhangu et al., 2001]. It could therefore
be imagined that similar mechanisms as in the Drosophila system are also
employed in the HSC niche to maintain the stem cells.
4.1.2 The role of the ligands
The two BMP ligands expressed in the male germline stem cell niche, Dpp
and Gbb, maintain GSCs by activating their receptor Tkv [Kawase et al.,
2004]. We could now show that Tkv activation specifically happens at the
interface of hub and stem cells. This allows us to deduce the relative contri-
bution of both ligands and how they concert to maintain the GSCs.
Weak dpp alleles resulting in lower expression levels of dpp do not have
major effects in the testis [Kawase et al., 2004]. This is consistent with
our findings that rather the transport of Dpp is rate limiting than the ab-
solute amount of Dpp. It would also explain the low dpp expression levels
in the testis (detectable by PCR [Kawase et al., 2004] but not by in situ
hybridization [Shivdasani and Ingham, 2003]), as for localized pathway acti-
vation probably much less protein is required than for generating morphogen
gradients. We therefore assume that Dpp is the major signal from the hub
that activates Tkv and thereby maintains the germline stem cells. It is con-
sistent with the notion that overexpression of Dpp but not Gbb can repress
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differentiation [Kawase et al., 2004].
Strong gbb alleles show a more dramatic effect than weak dpp alleles
on stem cell maintenance [Shivdasani and Ingham, 2003; Kawase et al.,
2004]. Gbb alone is however not sufficient to maintain germline stem cells,
as germline stem cells mutant for the Gbb receptor Sax are maintained and
Gbb overexpression cannot suppress differentiation. The requirement of Gbb
might instead point at a role for Dpp/Gbb heterodimers [Khalsa et al., 1998].
It has been noted before, that heterodimers of BMP ligands can have higher
activity compared to homodimers [Arora et al., 1994]. It would explain,
why gbb alleles affect germline stem cell maintenance, while at the same
time only Dpp but not Gbb overexpression suppresses differentiation. This
suggests Dpp homodimers and Dpp/Gbb heterodimers as the main signals,
which both can differentially activate Tkv [Khalsa et al., 1998].
Our hypothesis would suggest that Dpp is expressed only from the hub
cells, while Gbb might be expressed in CySCs and hub cells. This is consis-
tent with the notion that dpp and gbb often show distinct expression patterns
[Khalsa et al., 1998]. Thereby two sources, the hub and the CySCs, contribute
to the BMP-dependent GSC niche. The hub cells regulate GSCs by activat-
ing contact dependent Dpp signaling (either as homo- or heterodimer) and
Jak/Stat signaling [Tulina and Matunis, 2001], while CySCs secrete Gbb and
additional factors to the GSCs [Parrott et al., 2012].
This regulatory mechanism parallels the mechanism known for the HSC
niche in the mammalian system. HSCs are also regulated via different stromal
cells. They are bound via adherens junctions to special osteoblasts that
secrete maintenance factors for the HSCs, just as hub cells do for GSCs
[Calvi et al., 2003; Zhang et al., 2003]. In addition HSCs are also regulated
via several endothelial cell types, similar to the additional regulation of GSCs
by CySCs [Kiel et al., 2005].
The contribution of two sources to the niches might enable the organism
to integrate different signals at the level of the stem cell. The presence of and
the interaction with osteoblasts seems vital and defines physically the number
of HSCs that can be supported [Zhang et al., 2003]. The regulation by the
endothelial cells might be of a more transient character and rather control
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the balance between maintenance and differentiation [Kobayashi et al., 2010].
BMP ligands play a role in the hematopoietic niche. Although the lig-
ands are expressed in the osteoblasts and receptors are expressed on the
HSCs [Goldman et al., 2009], BMPs rather regulate niche size by acting on
osteoblasts or their precursors than directly affecting HSCs [Zhang et al.,
2003]. Self-renewal of the HSCs is instead regulated by different cues like
Notch signaling [Stier et al., 2002]. Nevertheless, the organization of the
niches are similar despite the difference in the identity of the signal.
4.1.3 The interface of niche and stem cells
The signaling events we describe are centered around the contact sites of
stem and niche cell. The position and presence of the adherens junctions
thereby defines a signaling synapse at the interface of stem and niche cells.
It has been shown before that Jak/Stat signaling regulates adhesion of
the stem cells to the hub [Issigonis et al., 2009]. Impairing Jak/Stat signaling
and thereby adhesion interestingly also upregulates bam, which is normally
repressed by Dpp [Brawley and Matunis, 2004]. This confirms our obser-
vation that adhesion is necessary for proper activation of BMP signaling.
Adherens junctions are also essential in mammalian stem cell systems like
the epithelial [Hayashi et al., 2007], neural [Zhang et al., 2010; Rousso et al.,
2012] or hematopoietic stem cell niche [Zhang et al., 2003]. They might also
there provide a platform for contact dependent signaling events.
Although adherens junctions are essential for the stem cell niche, we see
no absolute requirement for DE-Cadherin itself in the niche cells, as knocking
down DE-Cadherin in the hub causes no gross effects on stem cell mainte-
nance. The partial redundancy between DN- and DE-Cadherin in the hub
might explain that [Bras and Doren, 2006]. Both DE- and DN-Cadherin can
form adherens junction, even as heterodimers [Straub et al., 2011]. We there-
fore presume that there is just the requirement for adherens junctions, that
lure the exocyst there via the interaction of Armadillo and Sec10 [Langevin
et al., 2005]. Interestingly a similar situation holds true for the HSC niche.
Although adherens junctions between osteoblasts and HSCs are important
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for their maintenance [Zhang et al., 2003], N-Cadherin seems dispensable for
the niche [Bromberg et al., 2012]. It is a controversy, if N-Cadherin is re-
quired in the niche. We would suggest, that similar to the situation in the fly,
redundancy within the cadherins explains the opposing results. Independent
of the presence of specific proteins, the presence of adherens junctions is the
key requirement for the stem cell.
Heparan sulfate proteoglycans (HSPG) are known to modulate Dpp spread-
ing via binding to Dpp and thereby both restrict it to and stabilize it at the
cell surface of the target cells [Akiyama et al., 2008]. While we describe the
delivery of the ligand to the signaling synapse between hub and germ cells via
the exocyst complex, HSPGs might at the same point restrict diffusion away
from the site and thereby facilitate the binding of the ligand to the receptor
complex. The expression of HSPGs exclusively on the hub cells limits Dpp
to the GSCs which are in direct contact to the hub [Hayashi et al., 2009].
The combined effect of local secretion and presence of the HSPGs explains
that even elevated levels of Dpp in the hub are not extending the range of
the niche [Michel et al., 2011]. Also in the hematopoietic stem cell niche
HSPGs are required for niche function. They are expressed on the stromal
cells or deposited in the extracellular matrix [Gupta et al., 1998]. Thereby
they limit spread of soluble proteins to the niche area, comparable to their
role in the Drosophila testis.
Proper recycling and targeting of E-Cadherin in the stem cells is also
essential for their maintenance [Li et al., 2010]. We see that in the GSCs
DE-Cadherin localizes to discrete patches forming the adherens junctions
with the hub cells. The receptors in the GSCs, however, show an uniform
distribution over the cell. It might not be necessary for the architecture of
the niche to restrict the receptor to a certain area, as the major obstacle is to
limit the spread of the ligand through the tissue. Although evidence exists
in HSCs that receptors are actively endocytosed and recycled back to the
surface [Zhang et al., 2004b], we assume that directed transport in the stem
cells is limited to junctional components and does not exist for the receptors.
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4.1.4 The signaling synapse hypothesis
Both Drosophila and mammalian niches share many characteristics and reg-
ulatory mechanisms (Fig. 33). The stem cells attach to stromal cells (hub
cells or osteoblasts, respectively) via adherens junctions (DE-Cadherin or N-
Cadherin, respectively) in both systems (Fig. 33). Adherens junctions are
essential although specific cadherins are substitutable in the GSC and HSC
niche. Recycling and targeted transport might in both systems establish the
adherens junctions and the signaling synapse between niche and stem cells.
The niche cells are the main source of factors regulating self-renewal of the
stem cells. In both cases HSPGs are in addition expressed by the stromal
cells to restrict ligand diffusion away from the site of signal reception. In ad-
dition to the signaling synapse, the stem cells also receive a second input from
a more transient interactions (with CySCs or endothelial cells, respectively).
We present here the first description of a signaling synapse in a stem
cell niche (Fig. 32). Understanding the signaling synapse in Drosophila will
help us to understand also the mammalian stem-cell-niche synapse, which is
proposed for the mammalian HSC niche [Wilson and Trumpp, 2006]. Beyond
Hub Cell GSC
CySCHub Cell
HSCOsteoblast
Endothelial
cell
(A) (B)
Figure 33: (A) The germline stem cell niche in Drosophila and (B) the
mammalian HSC niche show a similar organization. The stem cell (blue) is
bound to stromal niche cells (grey) via adherens junctions (red). Signaling at
the synapse (yellow) happens through different ligands and receptors (green).
HSPG (grey) restricts the ligand to the synapse. The stem cells are also
regulated by a second input by additional niche cells (grey). (B) modified
from [Nakamura-Ishizu and Suda, 2012]
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the obvious parallels to the HSC niche (Fig. 33), the concept of the stem-cell-
niche synapse might also hold true for other stem cell niches which depend
on adherens junctions like the neural stem cell niche.
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4.2 Hh is a niche factor for cyst stem cells
We identified Hh as an essential stem cell factor for CySCs (Fig. 34). Over-
activation of Hh signaling creates ectopic stem cells illustrated by ectopic
divisions and an expansion of the stem cell compartment. Interestingly the
relative effect is less dramatic when impairing or activating Hh signaling in
all cyst stem cells compared to single cells. Additionally we could get a
first glimpse at the epistasis of Hh and Jak/Stat pathway in CySCs, which
suggests no interaction between the pathways.
Hub
GSC
Hh Ptc
Smo
Ci
CySC
Ci
cell cycle genes,
...
Figure 34: Hh is essential to maintain CySCs. Hh (orange) is secreted from
the hub cells and binds to its receptor Ptc (red), which leads to its internal-
ization and inactivation. Smo (green) is then activated at the membrane of
the CySCs. As a consequence Ci is stabilized and activates transcription of
Hh target genes, that are essential for CySC maintenance.
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4.2.1 Hh is a niche factor for cyst stem cells
Niche factors maintain the universal stem cell characteristics, like the ability
of CySCs to self-renew and give rise to progeny [Hardy et al., 1979]. Hh
signaling is essential for self-renewal and maintenance of cyst stem cells and
hence a niche factor for CySCs.
Niche factors like Hh exert their function by upregulating stem cell specific
genes like the cyst stem cell marker Zfh1 [Leatherman and DiNardo, 2008].
We see an expansion of the Zfh1 expression domain when overactivating Hh
signaling, suggesting that these extra cells are indeed stem cells [DiNardo
et al., 2011]. However, it was noted before, that overexpression of Zfh1 cannot
confer all cyst stem cell properties like for example the ability to support
GSCs [Inaba et al., 2011]. Nevertheless we presume that these additional
cells are stem cells, as Zfh1 expression might not be sufficient but is clearly
necessary and specific for cyst stem cells [Leatherman and DiNardo, 2008].
Mammalian hair follicle stem cells reside in the bulge of the hair folli-
cle and are maintained by Desert Hedgehog in the lower bulge and Sonic
Hedgehog (Shh) in the upper bulge [Jaks et al., 2008; Rittié et al., 2009].
In addition to being a stem cell factor for all follicle stem cells, Shh is also
required as a fate determinant for one lineage creating the epidermal stem
cells [Brownell et al., 2011]. Hh is also a stem cell factor for CySCs, but
in contrast to its role in the mammalian follicle stem cells it is not required
as fate determinant in CySCs. Cyst stem cells are unipotent [Cheng et al.,
2011] and properly differentiate also in the absence of Hh activity.
In adult mice Shh is an essential niche factor for the neural stem cells
in the subventricular and the subgranular zone, the two areas producing
neurons postnatally [Machold et al., 2003]. In the subventricular zone ventral
forebrain neurons are a source of Shh and they project processes towards the
stem cells, the type B cells [Ihrie et al., 2011]. The requirement for Hh as
a niche factor and the close proximity of the Hh source and the stem cells
is a clear parallel to the Drosophila testis. In addition Shh seems to specify
ventral fate of the descending neurons in a morphogen-like fashion similar to
its role in hair follicle stem cells [Ihrie et al., 2011] and in contrast to its role
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in CySCs.
4.2.2 Epistasis of the Hh and Jak/Stat pathway
Hh signaling exerts the same effects as Jak/Stat signaling on stem cell mainte-
nance and Zfh1 expression [Leatherman and DiNardo, 2008]. However when
examining differentiation of CySCs, we see that both cells with activated and
impaired Hh signaling are still able to differentiate. This is clearly different
from the role of Jak/Stat signaling. CySCs with activated Jak/Stat signaling
are not able to differentiate [Leatherman and DiNardo, 2008]. Although one
should note here, that all the experiments regarding the differentiation of
CySCs with activated Jak/Stat signaling have been done by overexpressing
the presumable Jak/Stat target Zfh1, so they might recapitulate rather the
role of Zfh1 than of Jak/Stat signaling [Leatherman and DiNardo, 2008].
We could show, that overactivation of Jak/Stat is not affecting Hh signal-
ing upstream of transcriptional targets like ptc. It is however possible, that
both pathways converge on the level of transcriptional targets. An interest-
ing candidate is zfh1. It has been identified as a Jak/Stat target in CySCs
[Leatherman and DiNardo, 2008]. Nevertheless, the expansion of the zfh1
expression domain, when overactivating Hh signaling, could point at zfh1 as
possible Hh target. It also appears in the list of shared Hh and Jak/Stat
targets (Tab. 3). We therefore speculate, that zfh1 might be a target of
both the Hh and Jak/Stat pathway.
The role of both pathways however cannot be explained solely by a con-
vergence at the level of the transcriptional targets, as both pathways have
also clearly separable functions. Impairing Hh signaling cannot be rescued
by activating Jak/Stat signaling and vice versa (Erika Bach, personal com-
munication). Besides a possible interaction for some transcriptional targets,
the pathways appear to act in parallel. Although it cannot be ruled out, that
alternatively to acting in parallel they are permissive but not instructive for
each other.
We observe, that the effect of manipulating Hedgehog signaling depends
on competitive effects between cyst stem cells. Relatively speaking, manip-
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ulations in single cells show more dramatic effects than manipulations of the
whole cyst stem cell population. We therefore presume that Hh signaling
regulates competition between CySCs, as the phenotype is much more se-
vere, when there is competition with wildtype CySCs. It is probably not
regulating competition between GSCs and CySCs, as the GSC/CySC ratio
stays the same in hhts2 testis (Fig. 21C,G). In contrast to Jak/Stat signaling,
which is essential for the regulation of competition between CySCs and GSCs
[Issigonis et al., 2009; Singh et al., 2010], Hh signaling might provide a mean
to regulate competition between CySCs.
Interestingly, Jak/Stat is not essential for the Hh responsive somatic stem
cell population in the ovary, the follicle stem cells [López-Onieva et al., 2008].
As the main function of Jak/Stat signaling in the testis is to regulate adhesion
of the CySCs to the Hh secreting cells [Issigonis et al., 2009], this pathway
might not be required in the follicle stem cells as they are located several cell
diameters away from the Hh source [Forbes et al., 1996].
In mammalian stem cell niches Shh also acts in conjunction with other
pathways. These signals need to be integrated and affect the behavior of
the stem cells. In the subventricular zone for example Notch is essential for
neural stem cells. It suppresses the expression of proneural genes and thereby
retains stem cell character of the adult neural stem cells [Imayoshi et al.,
2010]. Comparable to the requirement for both Hh and Jak/Stat signaling
in the Drosophila testis, Shh and Notch signaling are both essential for stem
cell maintenance [Machold et al., 2003; Imayoshi et al., 2010]. The Drosophila
testis might therefore provide a useful model to study and understand the
integration of pathways. Especially how Hh signaling acts in a concerted way
with other inputs regulating the stem cells.
4.2.3 Hh is a mitogen for cyst stem cells
Besides its roles in fate determination and stem cell maintenance, Hedgehog is
a well known mitogen [Zhang and Kalderon, 2001; Lai et al., 2003]. We could
show that Hh acts as a mitogen also for cyst stem cells, as the extra stem cells
produced by activated Hh signaling are proliferating. Consistent with the
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importance of Hh for proliferation of CySCs, we found cell cycle regulators
like fizzy in the list of potential Hh targets. This is in agreement with the
role of Hh in the ovary. The follicle stem cells, which are the equivalent of
the CySCs in the ovary, duplicate upon Hh pathway overactivation [Zhang
and Kalderon, 2001].
Despite the input of the mitogen Hh, stem cells in mammalian systems
are often slow cycling or quiescent cells [Jaks et al., 2008; Mira et al., 2010].
Additional signals present in the niche diminish proliferation and favor their
quiescence [Mira et al., 2010; Youssef et al., 2010]. However, outside of the
niche the proliferative response of these cells to activated Hh signaling is
increased and aberrant Hh activating might lead to tumor formation as the
repressive signals from the niche are gone [Youssef et al., 2010; Grachtchouk
et al., 2011]. In contrast, in the Drosophila testis no quiescent stem cells are
present due to the constant turnover necessary for continuous sperm produc-
tion [Wallenfang et al., 2006]. We were still able to increase proliferation rates
in ptcIIw mutant clones compared to wildtype cells, suggesting that as for the
mammalian niches proliferation in the testis might be subjected to additional
regulative cues. However proliferation rates upon Hh activation both inside
and outside of the niche increased to roughly the same levels (Tab. 1), sug-
gesting that additional regulative cues affect cells at both locations equally
and proliferation is a function of Hh pathway activity.
4.2.4 Conservation of Hh signaling across sexes and
phyla
Although Drosophila ovarian follicle stem cells (FSCs) are not in direct con-
tact with the germline stem cells they share many properties with CySCs.
Both CySCs and FSCs are stem cells whose progeny will encyst the develop-
ing germ cells [Margolis and Spradling, 1995; Hardy et al., 1979]. Renewal
and maintenance of both FSCs and CySCs are regulated by Hedgehog [Zhang
and Kalderon, 2001].
The spread of the Hh ligand towards CySCs and FSCs is differentially
regulated in testicular and ovarian niches, respectively. In the Drosophila
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ovary (Fig. 2) the FSCs are located several cell diameters away from the Hh
secreting terminal filament and cap cells [Forbes et al., 1996]. The spacing
between FSCs and the Hh source diminishes the effective Hh concentration
at the position of the FSCs. In addition, Hh is actively scavenged by the
intervening cells which further decreases the signal [Hartman et al., 2010].
By its topology the ovarian niche is thereby able to regulate ligand spread
to adjust the strength of Hh signaling in the FSCs. CySCs in the testis are
in contrast in direct contact to the Hh secreting hub cells. It is unknown,
if and how the spread of Hh is regulated in the Drosophila testis. Possibly
proteoglycans expressed in the hub cells could exert such a function as shown
in wing discs [Eugster et al., 2007; Hayashi et al., 2009].
Interestingly, cyst cells show also homologies to the somatic cell popula-
tion of the Leydig cells in the rodent testis. Leydig cells are located in the
interstitial tissue of the testis which is surrounding the seminiferous tubules,
that contain the germ cells (Fig. 35) [Leblond and Clermont, 1952]. Leydig
cells were recently shown to secrete Colony stimulating factor 1 (CSF-1), the
first stem cell factor identified, which is specifically needed for spermatogo-
nial stem cell (SSC) renewal [Oatley et al., 2009]. This interaction is similar
to the mutual dependence of cyst and germ cells in the Drosophila testis
[Hardy et al., 1979; Leatherman and DiNardo, 2010].
Leydig cells in the rodent testis are also in the adult constantly produced
from progenitors [Davidoff et al., 2004; Stanley et al., 2012]. The progenitors
were suggested to be stem cells either sitting at the outside of the seminiferous
tubules or coming from the vasculature [Davidoff et al., 2004; Stanley et al.,
2012]. These stem cells resemble Shh dependent neural stem cells in terms of
nestin expression [Machold et al., 2003; Davidoff et al., 2004]. We expect due
to the similarities to CySCs that these Leydig stem cells might be regulated
by Hh in a similar manner as neural stem cells by Shh.
Indeed Desert Hedgehog (Dhh), one of the three mice homologues of
Hedgehog, plays an important role for the Leydig cell precursors during the
development of the rodent testis [Yao et al., 2002]. In Dhh mutant mice,
Leydig cells are not specified during development and hence adult mice are
infertile [Clark et al., 2000]. Similar to Shh, that is both essential for the
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Figure 35: The rodent testis is structured into the seminiferous tubules (top)
and the interstitial tissue (down) separated by a basement membrane (ocher
line). The spermatogonial stem cell (SSC) resides directly at the basement
membrane defining the presumable niche. The testis-blood barrier (orange
lines) is formed between the Sertoli cells, which are the only somatic cell type
in the tubules. Other somatic cell types contributing to the niche are the
Leydig cells, myoid cells and vasculature residing in the interstitial tissue.
Picture modified from [Oatley and Brinster, 2012].
formation of the neural stem cell pool during development and for their main-
tenance in the adult [Machold et al., 2003; Han et al., 2008], Dhh function
in the rodent testis might also not be limited to development.
The source of Dhh is not defined yet, although Dhh is the only Hh ho-
mologue expressed in the adult testis [Seidel et al., 2010]. Dhh has clearly a
role in the rodent testis, as treatment of ex vivo cultured testes with the Hh
antagonist cyclopamine is decreasing Hh target gene expression and reducing
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proliferation [Szczepny et al., 2009].
Although Leydig stem cells, in contrast to CySCs, are separated from the
germline stem cells by a basement membrane, they resemble many character-
istics of cyst stem cells in the Drosophila testis. They are the somatic stem
cell population in the testis, they require Hh signaling for maintenance and
they are essential for maintaining germline stem cells. CySCs might therefore
serve as a good model for Leydig stem cells.
Outlook
We want to investigate further the stem-cell-niche synapse in the Drosophila
testis. Therefore we aim to redirect the exocyst to the wrong site and examine
the effects on stem cell maintenance. Unfortunately the targeting in the first
attempt was not successful, probably due to a too low affinity of the two
adaptors to each other. Nevertheless optimization of this system will create
a useful tool to investigate exocyst function in the niche synapse and in other
systems.
Proteoglycans like Dally and Dally-like protein (Dlp) modulate BMP sig-
naling and they define the size of the gonadal niches in the Drosophila ovary
and testis [Hayashi et al., 2009]. However quantitative data describing the
interaction of BMP ligands with their receptors and the modulation of the
binding by the proteoglycan does not exist. We therefore seek to measure
the kinetic properties describing the interaction by using fluorescence cross-
correlation spectroscopy. Ultimately we want to integrate this data into our
synapse model to improve the description of the stem-cell-niche synapse.
We want to identify the Hh targets in the CySCs. We are therefore going
to create expression data sets of sorted CySCs for gain and loss of function
of Hh signaling. Time-course gene expression data will help us to distinguish
direct and indirect targets. This unbiased gene expression data will allow us
to identify direct targets of Hh in the CySCs and ultimately yield new stem
cell factors for CySCs.
We identified Notch as a pathway able to induce proliferation in CySCs
independent of their contact to the GSCs. It will be interesting to see,
what role Notch signaling exactly has in CySC maintenance. In this context
it is interesting to note, that the stem cell factor zfh1 was shown to be
a transcriptional target of Notch signaling in Drosophila cells [Krejćı et al.,
2009]. It is therefore possible, that Jak/Stat and Hh signaling are not directly
regulating zfh1, but are rather permissive for Notch, which actually regulates
zfh1 and thereby maintains the stem cells. Insights into their relationship
will improve our understanding of how signaling pathways are integrated to
maintain stem cells within a niche.
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Chapter 5
Materials and Methods
5.1 Fly Husbandry and Stocks
Flies were maintained according to standard protocols [Ashburner et al.,
2004]. Flies and crosses were kept at 25 ℃ as standard temperature or at 18
℃ for temperature sensitive stocks. 1-4 days after eclosion adult flies were
either directly analyzed or subjected to the appropriate treatment.
The following Gal4- (Tab. 4) and UAS-lines were used in this study:
Table 4: Gal4 lines
Gal4 line Expression pattern
Name Reference Cells Reference
c587::Gal41 Manseau et al. [1997] CySCs/CyCs Kawase et al. [2004]
hh::Gal4 Tanimoto et al. [2000] hub Forbes et al. [1996]2
nos::Gal4VP16 Doren et al. [1998] germ cells Doren et al. [1998]
ptc::Gal4 Hinz et al. [1994] CySCs/CyCs Tazuke et al. [2002]
tj::Gal4 Hayashi et al. [2002] CySCs/CyCs Tanentzapf et al. [2007]
upd::Gal4 Halder et al. [1995] hub Kawase et al. [2004]
UAS::DE-Cadherin-GFP (gift from Christian Dahmann), UAS::Dpp-GFP
[Entchev et al., 2000], UAS::Hh [Strigini and Cohen, 1997], UAS::HopTumL
1Insertion at cytogenetic location 19E [Skora and Spradling, 2010]
2hh::LacZ expression
89
90
[Harrison et al., 1995], UAS::Punt-GFP (gift from Marcos González-Gaitán),
UAS::RedStinger Barolo et al. [2004] and UAS::Su(H)-VP16 [Cooper et al.,
2000]. UAS::hpDE-Cadherin (VDRC27081), UAS::hpExo70 (VDRC27867),
UAS::hpSec5 (VDRC28873), UAS::hpSec6 (VDRC22079) and UAS::hpSec8
(VDRC45032) from the Vienna Drosophila RNAi Center. UAS::Dpp-RFP,
UAS::Sec15-Cherry, UAS::TIPF and UAS::Tkv-Cherry [Michel et al., 2011].
tub::Gal80ts [McGuire et al., 2003], tub::Rab11-YFP [Marois et al., 2006],
bam∆27::TIPF and Ubi::DE-Cadherin-RFP [Michel et al., 2011] as well as
standard MARCM stocks [Lee and Luo, 1999].
The null alleles used in this study have been originally isolated in a mu-
tagenesis screen [Nüsslein-Volhard and Wieschaus, 1980; Nüsslein-Volhard
et al., 1984]. Both ptcIIw [Strutt et al., 2001] and smo3 [Chen and Struhl,
1998] carry a premature stop codon.
Furthermore the following alleles were used in this study:
bam::GFP [Chen and McKearin, 2003b], ci::GFP (line YD1062) [Quiñones-
Coello et al., 2007], Dl::LacZ (Dl05151) [Spradling et al., 1999], FasIII-GFP
[Morin et al., 2001], hh::LacZ (hhP30) [Lee et al., 1992], hhts2 [Ma et al., 1993],
ptc::LacZ (ptcAT96)[Struhl et al., 1997] and upd::LacZ (lacZPD) [Sun et al.,
1995].
5.1.1 MARCM
Cell autonomous effects of mutations in pathway components were analyzed
by inducing mitotic clones marked with a repressible cell marker [Lee and
Luo, 1999]. Different cell markers were employed for different tasks.
We used membrane bound GFP (CD8-GFP) to mark the outline of
CySC/CyC clones, enabling us to visualize cell contacts of the clonal cells
(1-4). CD8-GFP driven by tub::Gal4 is widely used for MARCM and also
has been employed for CySC/CyC clones [Lee and Luo, 1999; Issigonis et al.,
2009].
We also used a nuclear localizing, fast maturing RFP (RedStinger, Barolo
et al. [2004]) as cell marker to ease quantification of cell numbers (5-8).
To specifically express this marker in CySC/CyC clones we combined the
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MARCM system with the cyst cell specific driver c587::Gal4 [Singh et al.,
2010].
We employed a third approach to label germline cell clones (9-12). We
used nlsGFP driven by tub::Gal4 to mark germline clones as described before
[Wang and Struhl, 2005; DiNardo et al., 2011].
Flies were raised at 25 ℃, males collected for induction up to 4 days after
eclosion and sorted for phenotypic markers to ensure the correct genotype.
Clone induction was in general performed at 37 ℃ in the water bath. To
increase the yield of clones, the flies were heat shocked three times for 1 h at
37 ℃ with 1 h break at room temperature [Leatherman and DiNardo, 2008].
Afterwards they were transferred to fresh food vials and kept together with
females at 25 ℃ until dissection. The flies used to analyze GSC clones (9-12)
were subjected to an overnight incubation at 30 ℃ directly before dissection
to increase Gal4 activity in GSCs [DiNardo et al., 2011].
RedStinger fluorescence was directly used to identify clonal cells, while
GFP was in general detected by antibody staining to increase the signal.
Genotypes of induced male flies
UAS::CD8-GFP hs::Flp
Y
;
smo3 FRT40A
tub::Gal80 FRT40A
;
tub::Gal4
+
(1)
UAS::CD8-GFP hs::Flp
Y
;
arm::LacZ FRT40A
tub::Gal80 FRT40A
;
tub::Gal4
+
(2)
UAS::CD8-GFP hs::Flp
Y
;
FRT42D ptcIIw
FRT42D tub::Gal80
;
tub::Gal4
+
(3)
UAS::CD8-GFP hs::Flp
Y
;
FRT42D arm::LacZ
FRT42D tub::Gal80
;
tub::Gal4
+
(4)
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c587::Gal4 UAS::RedStinger hs::Flp
Y
;
smo3 FRT40A
tub::Gal80 FRT40A
(5)
c587::Gal4 UAS::RedStinger hs::Flp
Y
;
arm::LacZ FRT40A
tub::Gal80 FRT40A
(6)
c587::Gal4 UAS::RedStinger hs::Flp
Y
;
FRT42D ptcIIw
FRT42D tub::Gal80
(7)
c587::Gal4 UAS::RedStinger hs::Flp
Y
;
FRT42D arm::LacZ
FRT42D tub::Gal80
(8)
tub::Gal4 UAS::6xmyc-nlsGFP hs::Flp
Y
;
smo3 FRT40A
tub::Gal80 FRT40A
(9)
tub::Gal4 UAS::6xmyc-nlsGFP hs::Flp
Y
;
arm::LacZ FRT40A
tub::Gal80 FRT40A
(10)
tub::Gal4 UAS::6xmyc-nlsGFP hs::Flp
Y
;
FRT42D ptcIIw
FRT42D tub::Gal80
(11)
tub::Gal4 UAS::6xmyc-nlsGFP hs::Flp
Y
;
FRT42D arm::LacZ
FRT42D tub::Gal80
(12)
5.1.2 Heat induction
Tight control of gene expression was achieved by combining the Gal4/UAS
system [Brand and Perrimon, 1993] for spacial and the use of a temperature-
sensitive inhibitor of Gal4, Gal80ts [McGuire et al., 2003], for temporal con-
trol. Crosses giving rise to the desired genotype were set up and kept at 18
℃, at which temperature Gal80ts is functional and able to repress Gal4 and
therefore also expression of the UAS transgene. To induce the expression
of the UAS transgene, adult flies (up to 4 days after eclosiom) of the de-
sired genotype were transferred to 30 ℃ for the indicated times, which leads
to inactivation of Gal80ts and concomitant activation of expression driven
by Gal4. Flies kept at the permissive temperature of 18 ℃ or expressing a
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neutral construct were used as controls.
5.2 Transgenesis
pUAST::VC was created by cloning the C-terminal part (from amino acid
155 onwards) of Venus [Nagai et al., 2002] containing a Kozak sequence and a
stop codon into pUAST [Brand and Perrimon, 1993]. To create pUAST::VC-
Sec10, pUAST::VC-Exo70 and pUAST::VC-Arm, the full sequence for Sec10
and Exo70, and amino acids 358-843 of Armadillo were cloned downstream
of VC separated by a short spacer.
To create the transgenic flies the pUAST vector containing the insert
was injected together with the helper plasmid pTurbo into the posterior pole
of a w1118 embryo [Bachmann and Knust, 2008]. Survivors were crossed
out against w1118 flies and progeny screened for white+. Positive transfor-
mants were mapped and balanced to create the transgenic stocks UAS::VC,
UAS::VC-Sec10, UAS::VC-Exo70 and UAS::VC-Arm.
FasIII-VN was created by fusing the N-terminal part of Venus to the
endogenous FasIII (Fig. 36A). VN was inserted after the predicted trans-
FasIII gene (72 kbp)
7 kbp
+ VN
STOPVN
pCR®2.1-TOPO®
+FasIII-VN fusion
(11,7 kbp)
I-SceI
VN
genomic 
region
fusion of 
VN to FasIII
(A) (B)
Figure 36: Cloning strategy for FasIII-VN. (A) The FasIII gene with com-
mon exons (red) of all transcripts and a predicted transmembrane domain
(green). The N-terminal part of Venus (VN, grey) including a stop codon is
inserted 12 amino acids after the transmembrane domain. (B) The vector
containing the insert to be subcloned into the ”ends-in” targeting vector.
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membrane domain, and cloned together with 2,2 kbp upstream and 5 kbp
downstream genomic sequence into pCR®2.1-TOPO® (Fig. 36B). The
construct was subcloned into an ”ends-in” targeting vector and subsequently
the transgenic stock was created by Marko Brankatschk (Eaton lab) using
”ends-in” homologous recombination [Maggert et al., 2008].
5.3 Buffers and Solutions
1. PEM
• 80 mM PIPES, 5 mM EGTA, 1 mM MgCl2, pH 7.4
• pH adjusted to 7.4 with 5 M NaOH
2. 25% PFA in H2O
• dissolved by heating, filtered (0.22 µm) and stored at -20 ℃
• thawed at 60 ℃ before using
3. Lysis buffer for protein isolation
• 25 mM Tris pH 7.5, 150 mM NaCl, 5 mM MgCl2, 0.2% NP-40,
5% glycerol
• 1 mM DTT and 1 Complete Protease Inhibitor Cocktail tablet
(Roche) added per 10 ml before use
4. 20x MES/SDS running buffer
• 1 M Tris base, 1 M MES, 69.3 mM SDS, 20 mM EDTA
5. Transfer buffer
• 20x stock: 500 mM Bicine, 500 mM Bis/Tris, 20 mM EDTA
• Diluted with water and methanol added to 10% before use
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5.4 Immunostaining
Flies were dissected in PEM buffer and the testes collected on ice. The testes
were fixed by incubating twice for 20 minutes in PEM supplemented with 4%
PFA. In the second fixation step 0.2% TX-100 (or Tween 20) was added to
permeabilize the sample. Afterwards they were washed in PEMT (PEM +
0.2% TX-100 or Tween 20), quenched in PEM with 50 mM NH4Cl, washed
again in PEMT and blocked in PEMT + 0.5% BSA. The primary antibodies
were used at the indicated dilutions (Tab. 5) in blocking solution.
After the primary antibody step, the testes were washed with PEMT and
incubated with the secondary antibodies (1:500, Invitrogen) and, if cell nuclei
were stained, 1 µg/ml 4’,6-diamidino-2-phenylindole (DAPI) in blocking so-
lution. The secondary antibodies were raised in goat against the IgG (H+L)
of the appropriate species and conjugated to the fluorophors Alexa Fluor®
405, 488, 568 or 633.
Finally the testes were washed with PEMT and PEM before mounting
them on a slide using MOWIOL® (Sigma Aldrich) mounting media.
Table 5: Primary antibodies
species antigen dilution source/reference
mouse Armadillo (Arm) 1:100 DSHB N2 7A1
mouse BrdU-488 1:200 BD 558599
rat DE-Cadherin (Ecad) 1:100 DSHB DCAD2
rat DN-Cadherin (Ncad) 1:50 DSHB DN-EX #8
rabbit cleaved Caspase-3 1:50 Cell Signaling
mouse Eyes absent (Eya) 1:20 DSHB eya10H6
mouse Fasciclin III (FasIII) 1:100 DSHB 7G10
mouse β-Galactosidase (β-Gal) 1:1000 Promega Z3781
chicken GFP 1:2000 Abcam ab13970
rabbit GFP 1:100 Clontech 632460
rabbit Hedgehog (Hh) 1:100 Panáková et al. [2005]
rabbit phospho-Ser10-Histone H3 1:2000 Upstate 06-570
Continued on next page
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species antigen dilution source/reference
mouse Hu-li tai shao (Hts) 1:100 DSHB 1B1
mouse Patched (Ptc) 1:100 DSHB Ptc
mouse Smoothened (Smo) 1:11 DSHB 20C6
rabbit Thickveins (Tkv) 1:100 Kruse et al. [2004]
guinea pig Traffic jam (Tj) 1:1000 Tanentzapf et al. [2007]
rabbit Vasa 1:30000 Lasko and Ashburner [1990]
rabbit Zinc finger homeodomain 1 1:4000 Doren et al. [2003]
(Zfh1)
Slides were imaged using laser scanning confocal microscopes. We used
the upright Leica SP5 I system for standard imaging. Images were acquired
in sequential mode to ensure separate detection of the single fluorophores
with the settings shown in Tab. 6. All images from the Leica SP5 I were
taken using the Leica HCX PL APO 40x 0.75 or 63x 1.2 W objective. Im-
ages presented here correspond to single sections if not stated otherwise.
Additionally, we recorded z-stacks for 3D reconstructions or quantifications.
Furthermore the inverse Leica SP5 MP was used for creating high resolu-
tion, multi-photon z-stacks. They were deconvoluted and used for the 3D
reconstruction of the testis tip by applying the Autoquant package (Media
Cybernetics). In some cases the inverse Zeiss LSM 780 system was used to
acquire images.
Images were analyzed (quantification, scale bar) and processed using Im-
ageJ. The final images were assembled using Adobe CS4.
Table 6: Settings for Image Acquisition at the Leica SP5 system
Fluorophor Excitation Detector
DAPI, Alexa Fluor® 405 Diode 405 nm PMT1
GFP, Alexa Fluor® 488 Argon Multiline 488 nm PMT2
YFP Argon Multiline 514 nm PMT2
RFP, Alexa Fluor® 568 DPSS 561 nm PMT3
Alexa Fluor® 633 HeNe 633 nm PMT4
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5.5 BrdU labeling
Flies were fed on food containing 2 mg/ml BrdU for the indicated times.
Afterwards they were dissected and treated according to the standard im-
munostaining protocol. Following the secondary antibody step, testes were
transferred to PBST (PBS + 0.2% TX-100), incubated in 2 N HCl to ex-
pose the BrdU epitope, neutralized using 100 mM borax solution, transferred
back to PEMT and incubated with mouse anti-BrdU-488 in blocking solution
over night. The next day the testes were washed with PEMT and PEM and
mounted on a slide.
5.6 Western Blot
10 flies were homogenized through a needle in 160 µl lysis buffer. 4x LDS
sample buffer was added to the homogenate and denatured at 95 ℃ for 2 min-
utes. The samples plus protein marker were run on a precast NuPAGE®
Novex 4-12% Bis-Tris Gel (Invitrogen) in a Novex® Mini-Cell (Invitrogen)
for 40 min at 200 V. The same device was used for wet transfer of the proteins
onto a PVDF membrane (pre-wet in methanol) at 30 V for 1 h. Successful
transfer was assessed by Ponceau S staining of the membrane. Membrane
blocking and antibody incubations were performed at RT in PBS supple-
mented with 0.2% Tween 20 and 5% milk. Blocking and primary antibody
(rabbit anti-GFP 1:1000, Clontech) were put for 2 h and the secondary an-
tibody (anti-rabbit HRP 1:4000, Abcam) for 40 min. After each antibody
step the membrane was washed four times with PBS + 0.2% Tween 20. Af-
ter the last washing step the membrane was washed once with PBS. The
Novex® ECL kit (Invitrogen) was used according to the manual to detect
the HRP activity and the chemiluminescence signal was recorded using the
CCD-Imaging System LAS-3000 (Fujifilm).
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5.7 Prediction of Hh targets
We detected consensus Ci binding sites (5’-TGGGTGGTC-3’) within the
genome of Drosophila using MacVector®. The used DNA sequences of the
chromosomes can be found under the following RefSeq accession numbers:
X NC 004354, Y NS 000188, 2L NT 033779, 2R NT 033778, 3L NT 037436,
3R NT 033777, 4 NC 004353. Sites located close to each other (within 400
bp) were found within this list by using the R software package [R Develop-
ment Core Team, 2011]. Genes within 5 kbp distance from these sites were
retrieved from FlyBase [McQuilton et al., 2012] and their expression levels
in testis taken from FlyAtlas [Chintapalli et al., 2007].
The second approach we based upon regions bound by Ci in the embryo
[Biehs et al., 2010]. We retrieved genes located within 7 kbp distance of these
regions from the Flybase gene map table version 2012-04 [McQuilton et al.,
2012] by using the R software package [R Development Core Team, 2011].
Using R we detected the genes in the list expressed in cyst stem cells by using
expression data from 2 other studies [Terry et al., 2006; Cash and Andrews,
2012].
5.8 Statistical analysis and software packages
ImageJ (version 1.44h) was used to analyze raw image files [Schneider et al.,
2012]. Representative images were passed on to Adobe CS4 and assembled
into the final figures. The thesis was written using LATEX.
Image and gene data were analyzed and plotted using the R software
package version 2.15.0 [R Development Core Team, 2011]. In addition to
the basic functions of R the packages gplots [Warnes et al., 2011a], IDPmisc
[Locher and Ruckstuhl, 2011], beeswarm [Eklund, 2012] and plotrix [Lemon,
2006] were used for plotting data, and the packages plyr [Wickham, 2011]
and gdata [Warnes et al., 2011b] for working with arrays.
In the text data is presented as mean ± standard deviation if not stated
otherwise. Bar plots show the mean ± standard deviation. In box plots the
box extends from the lower to the upper quartile with a line at the median
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(middle quartile). Whiskers extend to the last data point within 1.5 times the
interquartile range for both lower and upper quartile. Data points outside of
this range are shown as individual points.
Statistical analysis was performed by using the basic functions of R [R
Development Core Team, 2011]. Depending on the data set different statis-
tical tests were employed to test differences between samples [Zar, 1999]. In
general p values smaller than 0.05 were considered as a significant difference.
In two-sample comparisons a two-sided Student’s t test was used to de-
cide, if the means are equal or differ between the samples. Bonferroni correc-
tion was applied in case of using Student’s t test for multiple comparisons.
For multi-sample comparisons single-factor or two-factor analysis of vari-
ance (ANOVA) was performed to decide if means are different or equal be-
tween groups in the data set. Tukey test (”honestly significant difference
test”) was performed afterwards to identify the differing means and to de-
termine p values.
Two-sided Fisher’s exact test was used to check 2x2 contingency tables
for correlation between the categoric variables. Bonferroni correction was
employed to take account of multiple comparisons.
Two-sample, one-sided Kolmogorov-Smirnov tests were applied to the
continuos data underlying the histograms to decide if a shift of the distribu-
tion occurred.
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Khaliullina, H., D. Panáková, C. Eugster, F. Riedel, M. Carvalho, and
S. Eaton (2009, Dec). Patched regulates smoothened trafficking using
lipoprotein-derived lipids. Development 136 (24), 4111–21.
Khalsa, O., J. W. Yoon, S. Torres-Schumann, and K. A. Wharton (1998,
Jul). Tgf-beta/bmp superfamily members, gbb-60a and dpp, cooperate to
provide pattern information and establish cell identity in the drosophila
wing. Development 125 (14), 2723–34.
Kiel, M. J., O. H. Yilmaz, T. Iwashita, O. H. Yilmaz, C. Terhorst, and
S. J. Morrison (2005, Jul). Slam family receptors distinguish hematopoi-
etic stem and progenitor cells and reveal endothelial niches for stem cells.
Cell 121 (7), 1109–21.
Kiger, A. A., D. L. Jones, C. Schulz, M. B. Rogers, and M. T. Fuller (2001,
Dec). Stem cell self-renewal specified by jak-stat activation in response to
a support cell cue. Science 294 (5551), 2542–5.
Kiger, A. A., H. White-Cooper, and M. T. Fuller (2000, Oct). Somatic
support cells restrict germline stem cell self-renewal and promote differen-
tiation. Nature 407 (6805), 750–4.
Kinzler, K. W. and B. Vogelstein (1990, Feb). The gli gene encodes a nuclear
protein which binds specific sequences in the human genome. Mol Cell
Biol 10 (2), 634–42.
Kitadate, Y. and S. Kobayashi (2010, Aug). Notch and egfr signaling act an-
tagonistically to regulate germ-line stem cell niche formation in drosophila
male embryonic gonads. Proc Natl Acad Sci USA 107 (32), 14241–6.
Knox, A. L. and N. H. Brown (2002, Feb). Rap1 gtpase regulation of adherens
junction positioning and cell adhesion. Science 295 (5558), 1285–8.
BIBLIOGRAPHY 111
Kobayashi, H., J. M. Butler, R. O’Donnell, M. Kobayashi, B.-S. Ding,
B. Bonner, V. K. Chiu, D. J. Nolan, K. Shido, L. Benjamin, and S. Rafii
(2010, Nov). Angiocrine factors from akt-activated endothelial cells bal-
ance self-renewal and differentiation of haematopoietic stem cells. Nat Cell
Biol 12 (11), 1046–56.
Kodama, Y. and C.-D. Hu (2010, Nov). An improved bimolecular fluores-
cence complementation assay with a high signal-to-noise ratio. BioTech-
niques 49 (5), 793–805.
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